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The work focused on the heteroepitaxial growth,
doping and structural and optoelectronic characterization of GaN
and AlN films by the method of ECR-assisted MBE. The effect of
charged species in the ECR discharge in the growth and properties
of the films was investigated. Conditions were identified to grow
atomically smooth films (layer-by-layer growth) in semi-insulating
form(p=10expl2 ohmsxcm). Such films were doped p- and n-type with
Mg and Si respectively at the level of 10expl9 cmexp-3. Reactive
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studies we concluded that surface states are not present in the
gap of GaN and thus dislocation should not effect the device
performance. The role of hydrogen in the doping of GaN was
investigated and p-n junction LED's were fabricated and tested.
The defects in these materials were investigated by transport,
photoluminescence and optical studies,
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1. Summary of results during the funding period

During the grant period the work was focused on the heteroepitaxial growth and doping of
GaN films by the method of Electron Cyclotron Resonance microwave plasma assisted
Molecular Beam Epitaxy. Work was also initiated in the growth of AIN.

1.1 Growth of GaN by ECR-assisted MBE

High-quality GaN films have been grown on a variety of substrates by electron cyclotron
resonance microwave plasma-assisted molecular beam epitaxy (ECR-MBE). The films

were grown in two steps. First, a GaN-buffer was grown at low icmperature and then the
rest of the films was grown at higher temperatures. We found that this method of growth

leads to a relatively small two-dimensional nucleation rate (~ 20 nuclei/um?h) and high
lateral growth rate (100 times faster than the vertical growth rate). This type of quasi-
layer-by-layer growth results in a smooth surface morphology to within 100 A. Growth on
Si(100) leads to single-crystalline GaN films having the zinc-blende structure. Growth on
Si(111) leads to GaN films having the wurtzitic structure with a large concentration of
stacking faults. The crystallographic orientation and the surface morphology of GaN films
on sapphire depends on the orientation of sapphire. To this date, the best films were grown
on the basal plane of sapphire. For more details see Appendix A.

1.2 Growth and doping of GaN films by ECR-assisted MBE

We report on growth, doping and characterization studies of GaN films produced by the
Electron Cyclotron Resonance microwave plasma assisted Molecular Beam Epitaxy. The
films were grown heteroepitaxially on sapphire (0001), whose surface was converted into
atomically smooth AIN by plasma nitridation. The GaN films were grown in two tempera-
ture steps, a process found to promote the layer-by-layer growth mode. ECR plasma con-
ditions to grow either n-type autodoped or semi-insulating GaN film were identified. The
structure and microstructure as well as the electrical properties of these two classes of
films are discussed. A systematic dependence between electron mobility and net carrier
concentration was found, which predicts that the mobility of GaN with a net carrier con-

centration of 1014 cm3 is about 10*cm?/V.sec. The insulating films were intentionally
doped either p-type or n-type by incorporation of Mg or Si during film growth. Hole or

electron concentrations at 300K between 108 - 10! cm™3 have been obtained without
requiring any post-growth treatment. For more details see Appendix B.

1.3 High mobility GaN films produced by ECR-assisted MBE

High electron mobility autodoped GaN films were produced by the ECR assisted MBE
method. The net electron concentration was varied systematically from 2 x 10102 x
10}7cm™3 by controlling the active nitrogen overpressure. Correspondingly, the electron
mobility increased from 20 to 210 cm?V.sec. The line through the experimental data also




predicts the electron mobilities of GaN films produced by the CVD methods. For more
details see Appendix C.

1.4 Electron transport mechanism in gallium nitride

The electron transport mechanism in autodoped gallium nitride films grown by electron
cyclotron resonance microwave plasma-assisted molecular beam epitaxy was investigated
by studying the temperature dependence of the Hall coefficient and resistivity on samples
with various concentrations of autodoping centers. The Hall coefficients go through a
maximum as the temperature is lowered from 300 K and then saturate at lower tempera-
tures. The resistivities in the same temperature range initially increase exponentiaiiy and
then saturate at lower temperatures. These findings are accounted for if a significant frac-
tion of electron transport, even at room temperature, takes place in the autodoping centers
and that conduction through these centers becomes dominant at lower temperatures. The
activation energy of these centers was found to be on the order of 20-30 meV. When the
concentration of the autodoping centers becomes smaller than that of deep compensating
defects, the material becomes semi-insulating and transport by hopping in the compensat-
ing defects becomes dominant. For more details see Appendix D.

1.5 Metal contacts to gallium nitride

We report measurements on the nature of aluminum and gold contacts to GaN. The GaN
films were deposited onto the R-plane of sapphire substrates by molecular beam epitaxy
and are autodoped n-type. Metal contacts were deposited by evaporation and were pat-
terned photolithographically. Current-voltage characterization shows that the as-deposited
aluminum contacts are ohmic while the as-deposited gold contacts are rectifying. The gold

contacts become ohmic after annealing at 575 °C, a result attributed to gold diffusion. The
specific contact resistivity of the ohmic aluminum and gold contacts were found by trans-

fer length measurements to be of device quality (107 - 10°® Qm?). The results of these
studies suggest a direct correlation between barrier height and work function of the metal,
consistent with the strong ionic character of GaN. For more details see Appendix E.

1.6 Heteroepitaxy, polymorphism and faulting in GaN thin films on
silicon and sapphire substrates

The structure of GaN films grown by electron-cyclotron-resonance-assisted MBE on
Si(111), Si(001), basal-plane sapphire, a-plane sapphire and r-plane sapphire substrates
was studied with four-circle x-ray diffractometry. Phase content, domain size, inhomoge-
neous strain and in-plane and out-of-plane domain misorientations were measured and
compared for films grown on each type of substrate. Wurtzite and zincblende polymorphs
were found to coexist in films grown on Si(111). The two structures grow in the (0002)
and (111) orientations respectively so that they may transform into each other via stacking
faults on close-packed planes. Smaller amounts of zincblende material were also found in
predominantly (0002) wurtzitic films on a-plane sapphire and (1120) wurtzitic films on r-
plane sapphire. For more details see Appendix F.




1.7 Conduction-electron spin resonance in zinc-blende GaN thin films

We report electron-spin-resonance measurements on zinc-blende GaN. The observed reso-
nance has and isotropic g value of 1.9533 0.0008 independent of temperature, a Lorent-
zian line shape, and a linewidth (18 G at 10 K) which depends on temperature. The spin-

lattice relaxation time at 10 K was estimated to be Ty =(6 2) x 10 -3 sec. Using a five-
band model a g value consistent with the experimental results was obtained and a conduc-
tion-electron effective mass m*/mgy = 0.15 0.014 was calculated. The observed signal,

together with conductivity data, was attributed to nonlocalized electrons in a band of
autodoping centers and in the conduction band. For more details see Appendix G.

1.8 Intensity dependence of photoluminescence in GaN thin films

We report the intensity dependence of band-gap and midgap photoluminescence in GaN
films grown by electron cyclotron resonance (ECR) microwave plasma-assisted molecular
beam epitaxy. We find that the band-gap luminescence depends linearly while the midgap
Iuminescence has a nonlinear dependence on the incident light intensity. These date were
compared with a simple recombination model which assumes a density of recombination
centers 2.2 eV below the conduction band edge. The concentration of these centers is
higher in films grown at higher microwave power in the ECR plasma. For more details see
Appendix H.

1.9 Microstructures of GaN Films Deposited on (001) and (111) Si Using
ECR-MBE

The microstructures of GaN films, grown on (001) and (111) Si substrates, by a two-step
method using ECR-MBE, were studied by electron microscopy techniques. Films grown
on (001) Si had a predominantly zinc-blende structure. The GaN buffer layer, grown in the
first deposition step accommodated the 17% lattice mismatch between the film and sub-
strate by a combination of misoriented domains and misfit dislocations. Beyond the buffer
layer, the film consisted of highly oriented domains separated by inversion domain bound-
aries, with a substantial decrease in the defect density away from the interface. The major-
ity of defects in the film were stacking faults, microtwins and localized regions having the
wurtzitic structure. The structure of the GaN films grown on (111) Si was found to be pri-
marily wurtzitic, with a substantial fraction of twinned zinc-blende phase. Occasional

wurtzitic grains, misoriented by a 30° twist along the [0001] axis were also observed. For
more details see Appendix L.

1.10 Hydrogenation of Gallium Nitride

A comparative study of the effects of hydrogen in n-type (unintentionally and Si-doped)
as well as p-type (Mg-doped) MBE-grown GaN is presented. Hydrogenation above 500

°C reduces the hole concentration at room temperature in the p-type material by one order
of magnitude. Three different microscopic effects of hydrogen are suggested: Passivation
of deep defects and of Mg-acceptors due to formation of hydrogen-related complexes and

6




the introduction of a hydrogen-related donor state 100 meV below the conduction band
edge. New local vibrational modes in Mg-doped GaN, which was grown in high concen-
tration of hydrogen were discovered. Based on observed selection rules, one pair at fre-

quencies at 2168 and 2219 cm™! was attributed to inequivalent Mg-H complexes in the c-
plane and parallel to the c-axis. The origin of a second pair of modes at 2151 and 2185 cm
!, which is IR inactive is speculated to be due to molecular N, or H,. For more details see
Appendix JLK,L.

1.11 Reactive Ion Etching of GaN Thin Films

Reactive ion etching of GaN grown by electron-cyclotron-resonance, microwave plasma-
assisted molecular beam epitaxy on (0001) sapphire substrates was investigated. A variety
of reactive and inert gases such as CCL,F,, SFg, CF,4, Ho/CH4 mixtures, CF4Br, CF3Br/Ar
mixtures and Ar were investigated. From these studies we conclude that of the halogen
radicals investigated, Cl and Br etch GaN more effectively than F. The etching rate was
found to increase with decreasing pressure at a constant cathode voltage, a result attributed
to larger mean free path of the reactive species. For more details see Appendix M.

1.12 Blue-violet Light Emitting Gallium Nitride p-n Junctions

Blue-violet light emitting GaN p-n junctions were grown and characterized. The ECR-
MBLE growth method was modified to minimize plasma induced defects. Contrary to simi-
lar devices grown by Metallorganic Chemical Vapor Deposition, these devices do not
require any post growth annealing to activate the Mg-acceptors in the p-layer. These
devices turn-on at approximately 3 volts and have a spectral emission peaking at 430 nm.
See Appendix N,O for more details.

1.13 Optical Properties of GaN

We performed optical-absorption studies of the energy gap in various GaN samples in the
temperature range from 10 up to 600 K. We investigated both bulk single crystals of GaN
and an epitaxial layer grown on a sapphire substrate. The observed positions of the
absorption edge vary for different samples of GaN (from 3.45 to 3.6 eV at T=20 K). We
attribute this effect to different free-electron concentrations (Burstein-Moss effect) charac-
terizing the employed samples. For the sample for which the Burstein shift is zero (low
free-electron concentration) we could deduce the value of the energy gap as equal to 3.427
eV at 20 K. Samples with a different free-electron concentration exhibit differences in the
temperature dependence of the absorption edge. We explain the origin of these differences
by the temperature dependence of the Burstein-Moss effect.

1.14 Heteroepitaxial growth of AIN

The growth of AIN has not yet been optimized. In the initial studies we attempted to grow
AIN on (0001) sapphire at relatively low temperatures (800 oC) so that the growth of AIN

—_—




would be comparable with that of GaN. The RHEED pattern, surface morphology, and
XRD of such a film are shown in figures 1,2 and 3 respectively. These data indicate that
the AIN grown so far is inferior to our GaN films.

2. Publication List

1. “Growth of GaN by ECR-Assisted MBE” T.D. Moustakas, T. Lei and R.J. Molnar,
Physica B, 185, 36 (1993)

2. “Growth and Doping of GaN Films by ECR-Assisted MBE” T.D. Moustakas and R.J.
Molnar,Mat. Res. Soc. Proc., vol. 281 (1993)

3. “High Mobility GaN Films Produced by ECR-Assisted MBE” R.J. Molnar, T. Lei and
T.D. Moustakas, Mat. Res. Soc. Proc., vol. 281

4. “Electron Transport Mechanism in Gallium Nitride” R.J. Molnar, T. Lei and T.D.
Moustakas, Appl. Phys. Lett., 62, 72 (1993)

5. “Metal Contacts to Gallium Nitride” J.S. Foresi and T.D. Moustakas, Appl. Phys. Lett.,
62, 2859 (1993)

6. “Heteroepitaxy, Polymorphism, and Faulting in GaN Thin Films on Silicon and Sap-
phire Substrates” T. Lei, K.F. Ludwig and T.D. Moustakas, J. Appl. Phys., 74, 4430
(1993)

7. “Conduction Electron Spin Resonance in Zinc-blende GaN Thin Films” M. Fanciulli,
T. Lei and T.D. Moustakas,Phys. Rev. B, 48, 15144 (1993)

8. “Intensity Dependence of Photoluminescence in Gallium Nitride Thin Films™ R. Singh,
R.J. Molnar, M.S. Unlii and T.D. Moustakas, Appl. Phys. Lett., 64, 336 (1994)

9. “Microstructures of GaN Films Deposited on (001) and (111) Si Using ECR-MBE”
S.N. Basu, T. Lei and T.D. Moustakas, J. Mater. Res. 9, 2370 (1994)

10.“Hydrogenation of Gallium Nitride” M.S. Brandt, N.M. Johnson, R. Molnar, R. Singh
and T.D. Moustakas, Mat. Res. Soc. Symp. Proc., accepted (1994)

11.“Hydrogenation of Gallium Nitride” M.S. Brandt, N.M. Johnson, R.J. Molnar, R.
Singh and T.D. Moustakas, Appl. Phys. Lett. 64, 2264 (1994)

12.“Local Vibrational Modes in Mg-doped Gallium Nitride” M.S. Brandt, J.W. Ager III,
W. Gotz, N.M. Johnson, J.S. Harris, R.J. Molnar and T.D. Moustakas, Mat. Res. Soc.
Symp. Proc.

13.“Reactive Ion Etching of GaN Thin Films” M.J. Manfra, S.J. Berkowitz, R.J. Molnar,
AM. Clark, T.D. Moustakas and W.J. Skocpol, Mat. Res. Soc. Symp. Proc., 324, 477
(1994)

14.“The Growth of Gallium Nitride by ECR Plasma Assisted MBE; The role of Charged
Species” R.J. Molnar and T.D. Moustakas, J. Appl. Phys. 76 (15 Oct. 1994)




15.“Blue-violet Light Emitting GaN p-n Junctions grown by Electron Cyclotron Reso-
nance-assisted Molec1lar Beam Epitaxy” R.J. Molnar, R. Singh and T.D. Moustakas,
Appl. Phys. Lett. (submitted)

16. “Temperature dependence of the energy gap in GaN bulk single crystals and epitaxial
layer” H. Teisseyre, P. Perlin, T. Suski, I. Grzegory, S. Porowski, J. Jun, A. Pietraszko
and T.D. Moustakas, J. Appl. Phys. 76, 2429 (1994)




uoIyRPIIN
ewIse[

utu g I91Je 9reIjsqng

NIV Jo yimorn Sutm@ qIHIHY




- e &
F\»Ien.mw.

A
MR ¥, ™
,uta.wﬂr,wédk., -

L

cﬁ“&.;..

NIV Jo £3o1oydIoN 20'JINg




£t oo

LA LS

o8t eun  on w9

: 3 3 3
s /sunoyy

3

oL165"0=IHM

e 1

g

e~ Or
1 000¢
1 000V

10009

1 0008

1 00001

1 00021

W NIV ue I0] 9AIN))

- BupOY-9 pue qUX 63/6

— 000vT

s/s3uno)




. Appendix A : “Growth of GaN by ECR-assisted MBE”




Physica B 185 (1993) 36-4Y
North-Holland

——————————————

-+
[
tr
L
—

Growth of GaN by ECR-assisted MBE

T.D. Moustakas, T. Lei and R.J. Molnar

Molecular Beam Epuaxy Laboratory, Department of Electrical. Computer and Systems Engineering. Boston University .

MA. USA

High-quality GaN films have been grown on o vanety of subsirates by electron cyclotron resonance microwave
plasma-assisted molccular beam epitaxy (ECR-MBE). The films were grown in two steps. First. a GaN-buffer was grown
at low temperature and then the rest of the film was grown at higher temperatures. We tound that this method of growth
leads 1o a relatively small two-dimensional nucleation rate (~20 nuclei/um® h) and high lateral growth rate (100 times
faster than the vertical growth rate). This type of quasi-layer-by-laver growth results in a smooth surface morphology to
within 100 A. Growth on Si(100) leads 10 single-crystalline GaN hims having the zinc-blende structure. Growth on
Si(11 1) icads 10 GaN films having the wurtzitic structure with a targe concentration of stacking faults. The crystallographic
orientation and the surtace morphology of GaN films on sapphire depends on the onentaton of sapphire. To this date. the

best films were grown on the basal plane of sapphire

1. Introduction

The family of refractory nitrides (InN, GaN
and AIN), their solid solutions and heterojunc-
tions are one of the most promising families of
electronic materials. All three arc direct bandgap
semiconductors with their energy gaps covering
the region from 1.95¢V (InN) and 3.5V (GaN)
to 6.28¢V (AIN). Thus. the growth of high-
quality crystals and successful doping of these
materials should lead to applications in optoelec-
tronic devices from the visible to the ultraviolet
part of the electromagnetic spectrum. as well as
in devices for high-power and high-temperature
electronics [1-2]. GaN. in particular. is predicted
to have a high electron drift velocity. so it should
also be suitable for high-frequency and micro-
wave devices [3].

GaN films have been grown by many growth
techniques. including chemical vapor deposition
{4-7], metal-organic chemical vapor deposition
|8-15]. molecular beam cpitaxy [16-25] and a
number of plasma-assisted processes [26-30]. A

Correspondence to: T.D. Moustakas. Moiccular Beam Eps-
taxy Laboratory. Department of Electnicul. Computer and
Systems Engineering. Boston University. Boston, MA 02215,
USA.

variety of substrates such as silicon, spinel,
silicon carbide and various crystallographic
orientations of sapphire have been used in these
studies. Most of the films grown are wurtzitic
(a-GaN) and have n-type conductivity with high
carricr concentration [31]. which is believed to
result from nitrogen vacancies [31-32] or oxygen
impurity incorporation {33]. P-type conductivity
has been reported recently on Mg-doped GaN
films [34-35].

Zincblende GaN (B-GaN). which is the
thermodynamically metastable phase of GaN. is
hoped to be more amenable to doping than the
wurtzitic GaN. since all of the I1I-V compounds
that can be cfficiently doped n-type or p-type are
cubic [2]. B-GaN has been epitaxially stabilized
on a B-SiC and MgO(100) substrate [18-19].
which are closely lattice-matched to B-GaN and
on a GaAs {36-37] and Si substrate [21-25]
which have significant mismatch to B-GaN.

In this paper. we review the growth of GaN
films by the clectron cyclotron resonance micro-
wave plasma-assisted molecular beam epitaxy.
Particular emphasis is placed on the growth of
this material in two temperature steps. a method
developed recently in our laboratory for the
growth of GaN. [21-25.38]. Fiims havce been

0921-4526/93/306.00 © 1993 - Elsevier Science Publishers BV, All rights reserved
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grown on Si(100). Si(1 1 1) and various faces of
sapphirc.

2. Experimental methods

The deposition system used in this study is
schematically illustrated in fig. 1. Two ECR
sources were used. The first (Astex 8" model
1000) was used for the growth of GaN on
Si(100) and Si(111). The second (Astex com-
pact model) was used for the growth of GaN on
sapphirc. The base pressure in the overall system
was 10 ' Torr. A reflection high-energy clectron
diffraction (RHEED) setup is an integral part of
thc apparatus. A conventional Knudsen cffusion
cell was uscd to evaporate gallium. Atomic and
ionic nitrogen were produced by passing mole-
cular nitrogen through the ECR source. Part of

Growth of GuN by ECR-assisted MBF
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the molecular nitrogen was also introduced
downstream the ECR source. Typically. 107 of
the molecular nitrogen gas is converted into
atomic nitrogen. Duc 10 this high decomposition
rate. a source pressure of about 107 Torr is
sufficicnt for the growth of stoichiometric films.
The magnetic field configuration for the 8
source under optimized conditions for the
growth of GaN films is illustrated in tig. 2. The
on-axis ECR condition (H=875G) is about
40cm above the substrate. The compact ECR
source fits inside an effusion cell and thus the
distance from the front of the source to the
substrate is only 12cm.

The structure and microstructure of the films
were studied by reflection high-energy electron
diffraction (RHEED). X-ray diffraction and
scanning clectron microscopy (SEM). X-ray dif-
fraction studies were performed using a diffrac-

ECR ASSISTED MBE
RHEED GUN al:::;xlmmvuumn

| /— LIQUID NITROGEN CRYO SMROUD
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Fig. 1. Schematic of the deposition svstem
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tometer with four-circle geometry. This allows us
to perform ¢-scans at a reflection peak (h k /).
corresponding to planes not parallel to the sub-
strate to probe in-plane ordering. Additionally,
standard #-26 scans werc performed to probe
the ordering normal to the substrate.

Si(001) and Si(111) substrates (n-type, p-
type or undoped) werc uscd in these studies.
They were ultrasonically degreased in solvents
and etched in buffered HF to remove the oxides.
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prior to their introduction into the MBE unit. In
the preparation chamber, the substrates were
outgassed for 15 minutes at §50°C.

The sapphire substrates were subjected to the
following cleaning steps prior to the growth of
the GaN films. They were sequentially cleaned in
ultrasonic baths of trichloroethylene. acetone
and isopropanol for removal of hydrocarbon res-
idues from the surface. etched in H,PO, :H.SO,
(1:3) for the removal of surface contaminants
and mechanical damage due to polishing and
finally rinsed in de-ionized water. After these
steps. the substrates were blown dry with nitro-
gen, mounted on a molybdenum block and trans-
ferred to the introduction chamber of the MBE
system. In the preparation chamber. the sub-
strates were heated to 850°C for approximately
half an hour and then transferred to the growth
chamber where they were subjected to bombard-
ment by nitrogen plasma for approximately half
an hour at 700°C.

3. Experimental results
3.1. Growth on Si(100)
Following cleaning. the Si substrate was ex-

amincd by studying its RHEED pattern in the
growth chamber at 400°C, Figure 3 shows typical

Fig. 3. RHEED patterns of Si(0 0 1) substrates after the routine preparation: (a) for [1 00} azimuthal incidence of the electron

beam: (b) for |1 10} azzmuthal incidence of the electron beam.
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RHEED patterns of the Si substrate with the
electron beam incident along the [100] and
[110] directions. These results clearly indicate
that the Si(00 1) surface is unreconstructed (i.c.
1% 1). We find that such an unreconstructed
Si0 0 1) surface is required to epitaxially grow a
single crystalline GaN-buffer. Outgassing of the
Si substrate at lower temperatures. for example
600°C, leads to an irregular pattern with few
diffraction spots. which we were unable to index
with any reconstruction pattern. A GaN-buffer
grown on such a surface would generally be
polvcrystalline with the wurtzitic structure. It is
conceivable that epitaxy of GaN should take
place on a well-ordered unreconstructed surface.
but not on an irregular disordered surface.
After the substrate preparation and characteri-
zation, a GaN-buffer laver of about 300 A to
900 A thick was deposited at a temperature of
400°C for 10 to 30 minutes. Figure 4 shows the
RHEED patterns at two azimuthal incidence
angles of the clectron beam for the GaN buffer
layer. The diffraction spots were relatively
broad. signifying that the thin buffer layer is very
defective. This is expected due to the large lat-
tice mismatch between the film and the sub-
strate. However, the symmetry of the patterns
indicates that the buffer layer has the zincblende
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structure with the [0 0 1] direction perpendicular
to the substrate.

Following the deposition and characterization
of thc GaN-buffer the substrate was heated to a
higher temperature. typically 600°C. and a GaN
film of about 1 wm thick was grown at a growth
rate about 2000 A/h. Shown in fig. 5(a) and (b)
arc typical RHEED patterns of a GaN film
about 1 um thick grown on a p-type substrate for
[100] and [110] azimuthal incidence of the
electron beam. The results are similar when the
growth takes place on undoped substrates. These
results clearly indicate that the GaN film has the
zincblende structure, with its (001) crystallo-
graphic planes parallel to the substate surface.
The diffraction spots of this pattern are signifi-
cantly sharper and elongated. which suggests
that the final GaN film has a better crystalline
quality and a smoother surface morphology than
the GaN-buffer.

The RHEED pattern of a GaN film grown on
a p-type substrate under slightly lower nitrogen
pressure is shown in fig. 6. The streak-like pat-
tern is characteristic of two-dimensional scatter-
ing, indicating that the GaN film is close to
atomically smooth. Such elongated RHEED pat-
terns were frequently observed when the growth
took place on n-type substrates. This may sug-

Fig. 4. RHEED patterns of GaN buffer grown at 400°C for
(b} for [1 10} azimuthal incidence of the electron beam

10 munutes; (a) for [1 00} azimuthal incidence of the electron beam:
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big 5 Dypeal RHEED patterns ot @ GaN time on p-ivpe or undoped substrate: ta) for 1 00] azimuthal inadence of the
clectron beam, thy ter 1) azimuthal imadence ot the clection beam

Fig 6 The RHEED patterns ot a GaN film with smooth-surtace morphologs. ) tor {100} azimutha inaidence ot the electron

beam. thy tor {110 azimuthal icrdence ot the clectron beam

pest that GaN owets to the n-type substrate better
than the p-tvpe substrate. Mornimoto and co-
workers reported that in vapor phase growth,
GaN adhered to n-type silicon, but not to p-type
stheon substrates

In o tew cases. the S1osubstrate was first bom
barded with mitrogen plasma pnor to the torma
ton ot the Ga™ butter The fack of @ RHEED
pattern mdicates that erther an amorphous SIN
thm was tormed on the substrate or that the

surtace was divordered. The GaN buffer grown
on mtrogen-plasma bombarded substrates werg
tound to be polvervstalline having the wurtzine
structure with the (000 2) preterred orientation

Shown n fig. 7 are the surface morphology
and the cross-sectional view of a B-GaN film on .
p-tvpe stheon sabstrate studied by SEML Tt can
be seen that the iim has o relativey flat surtace.
rouchened with mamy well-onented rectancula
shapad tiles ©which retlect the ssmmetiy of the
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B-GaN(0 0 1) surtace. The cross-sectional view
shows no cvidence ol columnar morphology .
which is another indication that the film is single
crystalline.

Detailed electron microscopy studics [23] have
shown that the tiles in fig. 7 arc oriented along
the [110] and [1 1 0] directions. This presumably
arises because the GaN surfaces corresponding
to those directions are more closely packed than
the |1 0.0j and {0 10] surfaces and therefore have
lower surface energy.

Shown in fig. 8(a) is the morphology of the

©Growth of GaN by ECR-assisted MBL 41

GaN film. whose RHEED pattern was discussed
in fig. 6. The surface morphology of a film on an
n-type substrate is shown in fig. 8(b). Both of
thesc surfaces are smooth with steps approxi-
mately 100 A thick. which resulted from a laver-
by-layer growth {23]. These results suggest that
additional optimization of the growth process
could lead to atomically smooth surfaces.

From the data of fig. 8. we can calculate the
two-dimensional nucleation rate and the lateral
growth rate. Let J be the nucleation rate. s be
the average area of the plateau, h the height of

| ————————]
pm

Fig. 7. Surface morphology of a GaN thin film on p-type Si substrate: (a) front view: (b) cross-scctional view.

[ 3

lum

Frg 8. SEM surtace morphology ot a smooth GaN thin tim: G on a p-type substrate: (b) on an n-type substrate
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the platecau. and ¢ the time for the plateau to
grow. which i1s limited by nucleation. Then, we
have

Vi=rre —b (1)

where v, and v, are the lateral and vertical
growth rates respectively. From the data of fig.
& we have Vi=1pm and h =100 A. If we use
the known vertical growth rate v, = 2000 A/h.
then from eqgs. (1) and (2) we obtain v, = 100V,
and J =20 nuclei/(pm- h).

These data indicate that this two-step method
of film growth leads to quasi-layer-by-layer
growth with a very small two-dimensional nu-
cleation rate and high lateral growth rate.

The structure of the films was confirmed by
convergent beam electron diffraction (CBED)
and selected area diffraction (SAD). These
studies were published elsewhere [23]. In this
paper, we focus on the X-ray diffraction studies
of the films.

The X-ray diffraction in fig. 9 shows a strong
peak at 20 =40.1 degrees. whose d-spacing is
2.25 A, which is due to the (002) reflection from
B-GaN. Hence. the lattice constant to B-GaN

4

g

Intensity (counts/sec.)
g
= e e e
L

g

=3

i .
ki 3 40 45 SC 5% 3¢
20 (degrees)

Fip. 9. X-ray diffrachon using Cu-K, radiation of s B-GaN
film

was found to be 4.50 A. in good agreement with
the electron diffraction data |23}, A small peak
was aiso observed at 20 = 34.6°. which is due to
the d-spacing of (111) B-GaN or (0002) a-
GaN. This suggests that the GaN film has some
misoriented domains. These domains may have
developed in the early stages of the buffer layer
deposition as revealed by TEM imaging [39].
Similar structural faults have also been observed
in the interface between GaN epitaxy on
GaAs(100) [37]. We have also observed these
misoriented domains in almost all of our sam-
ples. The consistent appecarance of the mis-
oriented domains in GaN-Si and GaN-GaAs
heterocpitaxy is very likely to be related to the
large lattice mismatch between the GaN and the
substrate. Because of the large lattice mismatch.
the interface of GaN and the substrate is under
significant strain: therefore. it might be favorable
for the system to introduce dislocations or mis-
orientations of GaN to reduce the interfacial
energies. In zincblende or wurtzitic structures,
the [111} or [0002] planes are the most closely
packed, and hence have the lowest surface ener-
gies. Therefore, the introduction of [111] or
[0002] oriented GaN would lower the surface
energy at thc GaN-vapor interface, and would
not necessarily increase the energy for the GaN-
substratc interface. since it was strained signifi-
cantly. However. the [11 1] or [0002] oricnted
GaN domains would grow slower than the [00 1]
oriented GaN grains stabilized by introduction of
dislocations. As a result. they were buried in the
interface region as the film grew.

The X-ray rocking curve of the [002] peak of
a GaN film 4 pm thick was found to have a full
width at half maximum (FWHM) of approxi-
mately 60 minutes. which measures the orienta-
tion spread perpendicular to the substrate. This
is significantly narrower than that of GaN on
GaAs [37]. but much broader than that of B-
GaN on MgO substrates [19] and a-GaN on
{000 1] sapphire substrates as discussed later.

The ¢-scan for the zincblende GaN was per-
formed at the [11 1] reflection. and is shown in
tig. 10. The data clearly show that the peak
repeats itself every Y0 degrees. consistent with
the cubic symmetry of this material. The FWHM
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Fig. 10, é-scan at (11 1) tor a aincblende GaN film.

of these peaks. which measures the in-plane
orientation spread. was found to be 2.5 degrees.

3.2. Growth on Si(1'11)

Growth on Si(11 1) followed the same steps as
described previously in the growth on Si{(001).
Figure 11 shows the RHEED pattern for a GaN
film on Si(111). The data indicate that the fitm
has the wurtzitic structure with the [0001)]
planes parallel to the substratc. The sharpness of

Fig. 11 RHEED patterns for a GaN film on Si(t 1 ) with
{1 120] electron azmuthal inaidence.
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the diffraction spots indicate good crvstalline
quality of the film.

Figure 12 shows a 6-26 scan for a GaN film on
Si(111). The single peak at 34.6 degrees corre-
sponds to [0002] reflection of the wurtzitic
GaN: thus, the lattice constant in the c¢-direction
is 5.18 A.

The &-scan for the wurtzitic GaN shown in fig.
13 was performed at the [1102] refiection.
Clearly. this peak repeats every 60 degrecs. con-
sistent with the 3 mm symmetry of the rotation
axis. The FWHM is found to be 1.9 degrees.

o
T
1

Intensity ( x10%counts/sec.)
a
T

N3
T
U N

L A ) G
30 £ a0 3 50 58 60
20 (degrees)

Fig. 12, 6-26 scans for a wurtzinc GaN film on Si(111).
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Fig. 13, &-scan tor & wurtzite GaN film on Sitl 11)
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while the FWHM of the #-26 rocking curve at
the [000 2] peak is found to be 0.9 degrees.

The XRD data of fig. 12 and fig. 13 appear to
indicate that the «-GaN film on Si(111) is a
single crvstal. However. any stacking faults along
the growth direcuon of the GaN filmon Si(111)
cannot be casily detected in the normal 6-26
scans {40]. Such stacking tauits are very common
defects in materials with the FCC or HCP struc-
tures growing along the [1 1 1} and [0002] direc-
tions {40]. Such stacking faults, if they exist in
the wurtzitic GaN films on Si(1 1 1). should give
ris¢ 10 a certain amount of cubic GaN com-
ponent with the {111} plancs parallel to the
substrate. To cxplore this possibility, we rotated
the sample in such a way that the X-ray diffrac-
tion corresponds to the [002] reflection of the
zincblende structure. and indeed a peak was
detected at 26 = 40 degrees. This is shown in a
#=28 scan around this peak (sce fig. 14).

To obtain a stronger reflection. é-scans on
these cubic domains were performed at the
[111] peak. which is shown .n fig. 15. Thesc
data revcal a repetition every 60 degrees. Since
the |11 1] axis in the zincblende structure is only
a 3-fold rotational axis. the é-scan should show a
repetition every 120 degrees instcad of every 60
degrees. This can be accounted for if there are
two kinds of stacking scquences. namely the

500 —
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Figo 14 #-26 scan at the (002) reflection ot cubic GaN
grammy in GaN on St 1)
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Fig. 15 é-scan at the (i 11) peak of cubic GaN com-
ponents

ABC-- - and CBA- - - sequence. The fact that the
peak at & = 60 degrees is of comparable intensity
to the other two peaks suggests that the two
types of stacking sequences occur with an equal
probability. as is expected.

The existence of the cubic GaN domains in the
wurtzite structures implies the existence of a high
concentration of stacking faults. This could be
duc to the fact that the cohesive energies of
wurtzite and zincblende GaN are comparable. so
that the formation energy of a stacking fault is
ncgligible. If this is true. then all of the [0002]
oriented GaN films have a considerable amount
of stacking faults. This is currently being investi-
gated by XRD studies of GaN on [1120] and
[0001] sapphirc substrates. However. one
should not rule out that the high concentration
of stacking faults in GaN on Si(111) is related
to strain resulting from the large lattice mismatch
between GaN and Si. which could lead to a
reduction of the formation energy of stacking
faults due to structural deformation.

3.3. Growth on a sapphire substrate
GaN films were also grown on the c-plane

000 1], a-plane {1 120] and r-plane [1102] of
sapphirc. Figure 16 shows RHEED patterns of
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big 16 RHELD patterns of the sapphire substrates atter exposute w the mittogen plasmia (a) cpianc, (b a-planc. o) r-planc

the three tvpes ob substrates atter exposure to
the nitrogen plasma. The data indicate that the
surtace of the substrates were ninded and trom
the diftracnon patterns, the fattice constant ot
the AIN was estimated to be o 3 1A Furthe
more. the streakiness ot the dittraction patterns,
m particular those of the c-plane and w-planc
sapphire substrates, suggests that the AIN Lavers
are atomically smooth.

Figure 17 shows RHEED patterns ot the GaN-
buffer on the three types of substrates. The data
indicate that the GaN-buffer is single crvstalhne
on all three types of substrates. The GaN films
grown on the c-planc and a-plane sapphire sub-
strates have their e-plane [000 1] parallel to the
substrates. while the GaN films grown on the
r-plane ot sapphire have therr a-plane [1120)]
parallel to the substrate. The streakimess ot the
dittraction patterns of the GaN-butters on the

T

b7 REEEE Dy patterns of the GaN buttor on 1 v

c-plane and a-planc sapphire substrates suggests
that the GaN-butter substrates
atomucally smooth

Figure I8 shows RHEED patterns ot the GaN
These reveal the

on these ary

ims at the end ot cach run
same epitinvga relationship between GaNo fiims
and the substrates as the corresponding GaN-
butters discussed 1n g, 170 Also. the films on the
c-plane and a-plane sapphire substrates  are
atomically smooth.

Figure 19 shows the surtace morphology o
GaN films grown on the three tvpes ot sub-
strates. The flms on the a-plane hase the
smoothest surtace morphology. The surtace mor-
phology of GaN films on the c-plane consists of
mterconnected tiles several thousand angstroms
n The GaN films grown on the r-plane
sapphire were tound to have the roughest surtace
morphology The pyramidad surtace morphotogy
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o pan,

Lot o Dhatic Y G Py

~appiite sutstrates
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Fee 1y RHEPD paterns of the GaN tdms atter groswth on the sanous sapphire substrates 1 ¢-plance. b1 g-planc. (o r-plane

X50,003 102nm

foe b SEN surtacCmorpniodoey o G\ o, grown oo

s BRely to be related o the tact that the a-planc
ot GaN ¢ bounded by two prism planes under
cquilibnium growth condinony

Frgure 200 shows the #2000 XRD and the #
rocking curve at the mam reflection peak ot the
GaN i grown on the three tvpes ot sub
strates The mam retlechion peak tor the GaN
hints prown on the cplane and a-plane sapphare
occurs at 2o R4 o degrees, corresponding to the
foa 2 retecton This contitms that nlms wers
crtown with tharr o planes parallel 1o the sub
stratc e maon dirraction peak ot the GaN
nim o on e e planc o sapphie occurs at e
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VATIeUs s pPRre subrates e o plane. thy u-planc . so r plang

57N degrees corresponding to the GaN (11 20]
retlection This contirms the RHEED studs that
the w-planc ot the GaN tlm s parallel 1o the
substrate The rocking curve ot the GaN hlm on
the o-plane ot sapphire has the smallest width
CEWHM O num. indicatng the envstalling
quahty ot these ilms to be the best Such tims
woere abso tound to have the mighest electron
mobihits ¢ 200emT Vs among hims srown
ABE processes

Lhe epitaniad relationshup ot the GaN nims 1o
the o plane o sapphire s to pe evpedtad How
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Fig. 20 #-26 XRD of the GaN tilm on vanous sapphire substrates: () e-planc. (b) a-plane, (¢) r-plane. The inscrts show the

corresponding rocking curves

on the a-planc and r-plane of sapphire is not
obvious. This epitaxial rclationship can  be
accounted for as follows: The a-plane sapphire
has o rectangular unit cell with dimensions
12.97 A x 8.23 A. two of which can accomodate
a number of unit cells of GaN basal planes as
ilustrated in fig. 21(a). This results in 1.6%
luttice: mismatch along [(0u YV 1} of sapphire and
0.6 along the [1100] axis of the sapphire
substrate. The r-plane ot sapphire substrate has a
umt  ccll with dimensions 475 A < 1534 A,

which accommodates three unit cells of the a-
planc of GaN as illustrated in fig. 21(b). This
results in 169 lattice mismatch along the [1120]
of sapphire and 1.3% along the [1101] of sap-
phire.

4. Conclusion

In conclusion. a two-step growth process has
been developed for the heteroepitaxial growt' of
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Fig 21 Epitaasal relationship between GaN and () the a-plane of sapphire. (b) the r-planc ot sapphire.

GaN ftitms. This method was found to lcad to
fitms with smooth surface morphology. which we
interpreted as resulting from a quasi-layer-by-
laver growth. Using this process GaN films were
grown on a varicty of substrates by the ECR-
assisted MBE method.

GaN films were successfully grown on Si(0 (0 1)
and (11 1) substrates, using this two-step pro-
cess. The films on SO0 1) are single-crystalhine
and epitaxially stabilized in the zinebiende strue-
ture. while those on Si(111) have the wurnzite
structure. Although RHEED suggest that the
wurtzitic GaN on Si(1 1 1) 1s single-crystalline. a
considerable amount of cubic phase was detected
by XRD studies. and was attributed to a larger
concentration of stacking faults along the growth
direction,

GaN films were also grown on c-planc. a-plane
and r-planc sapphire. The growth process -
vohves the conversion of the sapphire surface
nto - AIN by plasma nitridation. The XRD
stuches indicate that GaN films on c-plane sap-
phire have the best ervstadline guality
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GROWTH AND DOPING OF GaN FILMS BY ECR-ASSISTED MBE

T.D. Moustakas and R.J. Molnar
Molecular Beam Epitaxy Laboratory, Department of Electrical. Computer, and Systems Engi-
neering. Boston University. Boston, MA 02215.

ABSTRACT

We report on growth, doping, and characterization studies of GaN films produced by the
Electron Cyclotron Resonance microwave plasma assisted Molecular Beam Epitaxy. The films
were grown heteroepitaxially on sapphire (0001), whose surface was converted into atomically
smooth AIN by plasma nitridation. The GaN films were grown in two temperature steps. a
process found to promote the layer-by-layer growth mode. ECR plasma conditions to grow either
n-type autodoped or semi-insulating GaN film were identified. The structure and microstructure
as well as the electrical properties of these two classes of films are discussed. A svstematic
dependence between electron mobility and net carrier concentration was found, which predicts
that the mobility of GaN with a net carrier concentration of 10'%cm ™2 is about 10%m3/V.s. The
insulating films were intentionally doped either p-type or n-type by incorporation of Mg or Si
during film growth. Hole or electron concentrations at 300K between 10'® — 10!%cm~3 have been
obtained without requiring any post-growth treatment.

INTRODUCTION

The family of refractory nitrides (InN, GaN, AIN) is one of the most promising classes of
optoclectronic materials. The three binaries are direct band-gap semiconductors and their energy
gaps cover the spectral region from 1.95eV (InN) and 3.4eV (GaN) 10 6.28eV (AIN). The successful
development of these materials would lead to devices such as light emitting diodes, lasers, and
light detectors, operating in the spectral region from the visible to ujtraviolet. Due to their unique
physical properties (high energy gap, high thermal conductivity, high saturation velocity), these
materials are also expected to be used in the fabrication of devices for high temperature, high
power, and high frequency applications. Heterojunctions, quantum wells, and superlattices based
on these materials are expected to show novel low dimensional electronic behavior due both to
the strong quantum confinement and to the lack of defects associated with the transition from
direct to indirect semiconductors, a problem common in GaAs / Al;Ga;_,As structures.

The majority of the published work deals mostly with the synthesis and characterization
of these materials. Early work dealing primarily with bulk growth is reviewed in “Refractory
Semiconductor Materials™ (1) and recent results were presented in the MRS symposium on “Wide
Band-Gap Semiconductors™ (2) as well as in reviews by Pankove (3) and Davis (4).

The synthesis of bulk crystals of GaN and AIN by equilibrium processes (1) has ied only to
the growth of milimeter size single crystals. Vapor phase synthesis of 11I-V nitrides has focused
on heteropitaxial growth, primarily on (0001) sapphire. The most important recent development
is the discovery that AIN (5-8) and GaN {9-12) buffers lead to lateral growth which significantly
improves the surface morphology as well as the optical and electrical properties of the films.
Another recent significant development was the cpitaxial stabilization of cubic-GaN of selective
substrates, including 4-SiC (13), GaAs (14), MgO (15), and Si (10,11).

GaN films have been grown by many growth techniques. including CVD (16), MOCVD (17).
and MBE (18). All these methads produced n-type GaXN films. a result attributed to nitrogen
vacancies due to thermal decomposition of GaN at the high growth temperature. To reduce the
growth temperature, plasma assisted deposition methods were developed (9-11,13-15) which lead
to the growth of semi-insulating GaN films. The early effort at p-type doping were unsucessful
(19} due to compensation by n-tvpe defects. With improvements in film quality, recent repotts
indicate the possibility of p-type doping and the resulting fabrication of efficient light emitting

Mat. Res. Soc. Symp. Proc. Vol. 281. © 1993 Materiats Resesrch Society
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devices (7,20).
In this paper, we report our progress in the growth. doping. and characterization of GaN
films by the Electron Cyclotron Resonance microwave plasma assisted Molecular Beam Epitaxy

(ECR-MBE).

EXPERIMENTAL METHODS

The deposition system used in this study is schematically illustrated in Figure 1. It consists of
a Vanian Genll MBE unit with an ASTeX compact ECR source inserted into one of the effusion
cell ports. The pressure in the overall system is 10~ Torr. A Reflection High Energy Electron
Diffraction (RHEED) setup is an integral part of the apparatus. Ga and dopant elements (Si and
Mg) are evaporated from conventional Knudsen effusion cells. while active nitrogen is produced
by passing molecular nitrogen through the ECR source at a total pressure of 10~“Torr. The
growth rate of the GaN films is controlled by varying the flux of Ga. The stoichiometry of the
films is controlled by varying the microwave power in the ECR discharge, which affects the flux
of the active nitrogen. Generally, microwave power of 35 Watts or higher was found to lead to
semi-insulating GaN films (stoichiometric) for growth rates up to 6500A/h. For higher growth
rates or smaller microwave power in the discharge. the flux of active nitrogen is insufficient for the
growth of stoichiometric films and excess gallium in the films is phase separated in the form of
Ga droplets (21). The films discussed in this paper were grown at growth rates of 2000-2500A /h,
and microwave power levels appropriate for the growth of conducting or insulating films. n-type
and p-tvpe doping of GaN films was accomplished by subliming Si or Mg respectively during the
growth process.

CECR Source

N, Puritier
RHEED QUN

NOTANING HEATED
/— WAFEN HOLDEN

BEAM FLUX MOMITOR

WAPER LOAD 1OCn

RHEED SCREEN \
CUADNUTLE MASS

—~8HUTTEN SPECTNOMETEN

EFFUSION CFLL BUNSTNATE

Figure 1. ECR-MBE growth chamber.
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The GaN films were grown on the c-plane (0001) of sapphire. The substrates were degreased
and etched in H3PO, : H3504(1 : 3) for the removal of surface contaminants and mechanical
damage due to polishing, and finally were rinsed in de-ionized water. After these steps, the sub-
strates were blown dry with nitrogen, mounted on s BN block and transferred to the introduction
chamber of the MBE system. In the preparation chamber, the substrates were heated to 850°C
for approximately half an hour and then transferred to the growth chamber where they were
subjected to bombardment by nitrogen plasma for approximately half an hour at 800°C.

The structure and microstructure of the films were studied by RHEED, XRD, and SEM. To
measure the transport coefficients, the samples were abrasively etched into Van der Pauw lamillas
and electrical contacts were formed by soldering gold wires with indium.

EXPERIMENTAL RESULTS AND DISCUSSION
A. Film Growt

We found that exposure of the substrate to s nitrogen plasma results in nitridation of the
surface of the substrate and its conversion into AIN. The AIN thin film was found to be a single
crystal and its RHEED pattern is illustrated in Figure 2a. The streakiness of the diffraction pat-
tern suggests that the AIN film is atomically smooth. Similar nitridation has also been observed
when the a-plane (1120) and the r-plane(1102) of sapphire were exposed to a nitrogen plasms
(22,23).

a [} ¢

Figure 2. RHEED patterns taken at variosa steps during growth: (a} substrate ofter plasma
nitridation (b) after the growth of the GaN buffer (¢c) after growth at high temperature.

The GaN film was grown on the previously formed AIN film following a two temperature
step process developed in our laboratories over the past few years (9-11, 22-24). In this process
a GaN-buffer, approximately 200A thick, is grown first at a relatively low temperature (500°C)
followed by a higher temperature growth (800°C) of the rest of the film. Figures 2b and 2c show
the RHEED patterns of the GaN buffer and the GaN film after the completion of the growth.
The streakiness of these diffraction patterns also indicate that both the thin GaN-buffer as well
as the thick GaN film are atomically smooth. The diffraction pattern of Figure 2c tends to be
spotty under deposition conditions which lead to semi-insulating GaN films. This is consistent
with the surface morphology of these films as discussed later. This method of film growth, using
a GaN-buffer, has also been used for the growth of GaN films by the MOCVD method (12) and
the reports indicate significant improvements in the quality of such films as well.
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B. Surface Morphology

The surface morpholgy of GaN films was found to depend strongly on the ECR plasmas.
In low power plasmas, which lead to n-type autodoped GaN films, the surface morphology is
flat 88 shown in Figure 3a. These data are in agreement with the RHEED data of Figure 2c.
Furthermore, the cross-sectional view shows no evidence of columnar morpholagy. These findings
suggest that lateral growth in these films is significantly higher than the vertical growth. In a
similar study on the growth of GaN on Si(100), we were able to resolve steps of approximately
100A on the top of the plateaus and by comparing this with the area of the plateus, we concluded
that the lateral growth rate is larger than the vertical growth rate by a approximately a factor
of 100, and that the two dimensional nucleation rate was found to be 20 nuclei/um?h (11,23).
Based on these findings, we characterized the growth on Si{100) as quasi layer-by-layer growth.
The evidence from the data presented in here is that growth on (0001) sapphire proceeds via the
layer-by-layer mode.

Figure 3. SEM surface morphologies (a) conducting film (b) insulating film

Higher power plasmas, which lead to semi-insulating films, result to some degree of surface
roughening. The surface morphology of such a film is shown in Figure 3b. At this moment, we
do not know whether the change in growth mode, under the two plasma conditions, is related
to the change in surface mobility of the absorbed atoms or to the kinetics of growth due to the
change in concentration of active nitrogen at the growing surface.

C. Film Structure

A comprehensive study on the structure of GaN films on silicon and sapphire substrates has
been published elsewhere (25). Here, we present data on GaN films grown on (0001) sapphire
substrates and discuss only & — 20 scans and rocking curves around the main diffraction peak.

Figure 4 shows the @ — 20 scan and the #-rocking curve at the main reflection peak for a
GaN film grown under lower power plasma conditions (conducting films). There are two peaks
in the 6 — 26 scans, one at 26 = 34.6° corresponding to the (0002) refiection, and the second at
26 = 72* which is the second order harmonic. The 8-rocking curve of the {0002) peak, shown
in the insert of Figure 4, has a FWHM of 10 minutes, which is comparable to the best reported
in the literature (26) for films grown by other deposition methods. These data confirm that the
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GaN films were grown with their c-plane parallel to the substrate. The epitaxial relationship
between GaN and (D001) sapphire was discussed by Lee et. al. {25). The GaN basal unit cell is
oriented 30° away from the sapphire unit cell in epitaxial relationship with a smaller hexagonal
unit cell consisting of the Al atoms in the sapphire substrate.

Figure 5 shows a § — 20 scan and the #-rocking curve for a GaN film grown under higher
power plasma conditions (insulating films).

D. Electrical Properties

GaN filme grown by various methods were generally found to be heavily doped n-type (10'® -
10%%cin~3). Recently, GaN films grown by the MOCVD method with either an AIN-buffer (7) or
with a GaN-buffer (12) were found to have carrier concentrations in the range of 10'¢ ~ 10}7cm >
and electron mobilities as high as 900 cm?/V .s.

As discussed earlier, GaN films grown by the ECR method can be made either conducting
or insulating by choosing the power level in the ECR discharge. Films grown at relatively low
power leveis (< 35 Watts) were found to be autodoped with n-type conductivity, while those
grown at higher power levels in the ECR discharge were found to be insulating. Since the power
in the ECR discharge controls the amount of active nitrogen, the observed trend in the electrical
behavior together with the presence of phase separated gallium in the conducting films, suggest
that the origin of autodoping centers in GaN is indeed due to N-vacancies. In the following, we
review the electrical properties of both conducting and insulating GaN films. Details on these
studies were published elsewhere (27,28).
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Figure 6. Electron mobilities vs. electron conceniration for a number of GaN filmas.

A number of n-type GaN films were produced by keeping the power in the ECR discharge
constant (active nitrogen overpressure fixed) and gradually reducing the flux of the Ga-beam
The electron mobility vs net carrier concentration at 300K for these films is shown in Figure
6. Shown in the same Figure are also the results reported for GaN filmis produced by various




759

CVD methods (7,29.30). It is important to note that all data follow the same trend which can
be extrapolated to predict the electron mobility of relatively pure and defect free GaN films.
For example, films with carrier concentrations of 10'%cm=3 are predicted to have a mobility of
10*cm?/V -5, which is comparable with that of GaAs.

The electron transport mechanism in our films was investigated by studying the temperature
dependence of the Hall coefficient and of the resistivity (27,28). The analysis of these data
indicate that the ionization energy of the autodoping centers is 20 to 30 meV. These autodoping
centers form a band when their concentration is larger than 10'"ecm™3 and conduction in this
band was found to dominate the transport at low temperatures. ln fact for heavily autodoped
films (5 x 10*3cm™2), transport in this band dominates even at room temperature.

GaN films with net carrier concentrations less than 10'®cm~3 were also produced. Paradox-
ically, such films were found to have low electron mobilities (< 1em?/V -s). This result can be
accounted for as follows: When the concentration of the autodoping centers becomes less than the
concentration of the deep defects, the material becomes fully compensated and thus conduction
is dominated by hopping transport in the deep compensating defects. This suggests that the
concentration of deep defects in our films is of the order of 10'%cm~> . This may aiso be true for
films grown by the MOCVI) methods, since the best films grown by this method have net carrier
concentrations of 3 x 10'%cm~3 (30). These deep defects are probably related to heteropitaxial
growth, such as dislocations.

E. Doping

Early efforts to dope GaN films with Zn or other group Il-elements led to compensated films.
Recently, Akasaki and co-workers (7) reproted that Mg compensated GaN films can be converted
to p-type when irradiated with a beam of low energy electrons (LEEBI). Subsequentiy, Nakamura
and co-workers (31) demonstrated that similar results can be obtained by thermal annealing in a
nitrogen atmosphere and attributed the acceptor activation to thermal removal of H; which ties
up the Mg in the form of Mg-H complexes.

GaN films produced by the ECR-MBE methods were doped p- or n-type by incorporation of
Mg or Si respectively during film growth. Hall eflect measurements on Mg-doped films indicate
that the films are p-type and that carrier concentrations at 300K between 10'® - 10'%m=2 have
been obtained without requiring any post growth annealing treatment (32). These films have
electrical conductivities of between 0.1 to 1.0 2-'¢m~!. The magnitude of the hole mobility at
room temperature was found to be 0.6 cm?/V-s and was not strongly dependent on temperature.
The carrier concentration vs inverse temperature for one of the samples is shown in Figure 7.
We believe that the scatter in the data is due to difficulties in measuring the Hall coefficient of a
low mobility material. The conductivity measurements, which are far more consistent, are shown
in Figure 8. Since the electron mobility, at this level of doping., was found to be temperature
independent, we can use the conductivity data to extract the activation energy for the carrier
concentration. From the high temperature data of Figure 8. { >150K). an activation energy for the
conductivity of AE=0.15¢V was calculated. This is in agreement with the results of Akasaki (33)
for LEEBI activated Mg-doped GaN films grown by the MOCVD method. The low temperature
data in Figures 7 and B are consistent of impurity conduction (34).

The concentration of holes in a semiconductor with an acceptor concentration N4 and donor
concentration Np (N4 > Np) is given by the expression {35):

p(Np + p) . [ (E.-Ev)]
—— = 2Ny _——

Na-Np-p VP kT (”
where Ny is the effective density of states at the valence band

m,'J‘T)an
2 h?
Equation (1) has two approximations. If p << Np. Eq. (1) takes the form

b =2
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(Na=Np)_ [_us, - EV)]
No P kT (3)

In this case the plot of In (pT’:’“) vs inverse temperature should have a slope equal to the

p=2N,

ionization energy of acceptors (E4 — Eyv).
Hf p >> Np. then Equation (1) takes the form

= (2Ny NV 2exp |- B2 EV)
p=(2NvNy) exp[ SET } (4)
In this case, the exponential involves only half of the ionization energy.

The evidence suggests that N-vacancies in GaN act as donors and their concentration depends
on the overpressure of active nitrogen during film growth. The films in this study were grown
under high N-overpressure and thus Np should be very low. If this is true, Equation (1) should
be applicable in the high temperature region of the experimental data and E4 — Eyv=0.30eV.
However, one cannot rule out that the kinetics of the formation of N-vacancies is modified in the
presence of Mg, and that N, >> pin the investigated temperature range. If this is true, then
Equation (3) is applicable and E4 - Ev=0.15¢V. Further studies are required to determine the
ionization energy of Mg in GaN.

The activation of Mg-acceptors without any post-growth annealing is not inconsistent with
Nakamura's proposal for the formation of Mg-H complexes in GaN:Mg films grown by the
MOCVD method (36). since the concentration of H; is low in MBE growth. However, one
should not rule out the possibilty of ion assisted doping phenomena present in our method.
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Figure 9. (a) Electron concentration vs 1/T and (b) electron mobility vs T for a GaN film doped
with Si.

Hall effect measurements on Si doped films indicate that the films are n-type. Net cartier
concentration at 300K between 10'®-10'%cm =2 have been obtained. The temperature dependence
of the carrier concentration and electron mobility for one of the Si-doped films is shown in
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Figures 9a and 9b. The carrier concentration was computed from the measured values of the Hall
cocflicient, Ky, using the equation
(5

n= #
eRy
Equation (5) assumes electron conduction in one band. However, as discussed previously (27).
the data of Figure 9 are consistent with two-band conduction (conduction and impurity bands).

CONCLUSIONS

We discussed the growth of GaN on sapphire (0001). The surface of the substrate was first
converted to atomically smooth AIN by plasma nitridation and the GaN film was grown on the top
of this AiN-buffe. ..ing a two temperature step process. {t was shown that this process promote«
growth in the layer-by-layer mode. Plasma conditions to grow either conducting or insulating films
were identified and the effect of these conditions on the structure, microstructure, and electrical
properties were discussed. The insulating films were doped p-type or n-type by incorporating Mg
or Si respectively. Carrier concentrations in the range of 10'® — 10'®cm~2 were obtained without
requiring any post growth anncaling.
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HIGH MOBILITY GaN FILMS PRODUCED BY ECR-ASSISTED MBE

R.J. Molnar, T. Lei, and T.D. Moustakas
Molecular Beam Epitaxy Laboratory, Department of Electrical, Computer, and Systems Engi-
neering, Boston University, Boston, MA 02215

ABSTRACT

High electron mobility autodoped Gan films were produced by the ECR assisted MBE
method. The net electron concentration was varied systematically from 2 x 10'® to 2 x 10'"em ™2
by controlling the active nitrogen overpressure. Correspondingly. the electron mobility increased
from 20 to 210 em?V—'gsec=!. The line through the experimental data also predicts the electron
mobilities of GaN films produced by the CVD methods.

INTRODUCTION

GaN films, produced by a variety of vapor phase methods, are autodoped n-type, a result
attributed to the formation of nitrogen vacancies during film growth. In general, the net carrier
concentration in such films was reported to be in the range of 10'® — 102°cm=3 (1). Recently,
GaN films grown by the MOCVD method either with an AIN-buffer (2), or with a GaN-buffer
(3) were found to have carrier concentrations of between 10'® ~ 10'"cm~2 and electron mobilities
as high as 900 cm?V ~lsec™!.

In this paper, we report for the first time the growth of high mobility autodoped GaN films
by Electron Cyclotron Resonance assisted Molecular Beam Epitaxy (ECR-MBE). The transport
mechanism in these films was investigated by studying the temperature dependence of the Hall
constant and resistivity.

EXPERIMENTAL METHODS

The thin film deposition system used in this study consists of a Varian Genll MBE unit with
an ASTeX compact ECR source inserted in one of the effusion cell ports. A conventional Knudsen
effusion cell was used to evaporate Ga, while active nitrogen was provided by passing molecular
nitrogen through the ECR source.

The GaN films were grown on the c-plane (0001) of sapphire. The substrates were degreased
and etched in H3PO, : H,504(1 : 3) for the removal of surface contaminants and mechanical
damage due to polishing and finally rinsed in de-ionized water. After these steps, the substrates
were blown dry with nitrogen, mounted on a BN block, and transferred to the introduction
chamber of the MBE system. In the preparation chamber, the substrates were heated to 850°C
for approximately half an hour and then transferred to the growth chamber where they were
subjected to bombardment by nitrogen plasma for approximately half an hour at 800°C. As
discussed elsewhere (4.5). this resulted in the formation of an atomically smooth AIN layer.
The GaN film was grown on the top of this AIN-buffer in two temperature steps as described
elsewhere(4,5). First, a thin (~200A) GaN-buffer was grown at 500°C and the rest of the film,
typically 2um thick, was grown at 800°C. This two step process leads to quasi layer-by-layer
growth.(5)

The samples were abrasively etched into Van der Pauw lamilla and electrical contacts were
formed by soldering gold wires with indium. The samples’' conductivities and Hall constants were
measured as a function of temperature.
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RESULTS AND DISCUSSION

Although the films were not intentionally doped, Hall effect measurements indicate that they
have n-type conductivity. The magnitude of the electron mobility vs. the net electron concentra
tion at 300K for the investigated films is shown in Figure 1. Also shown in the same figure are
the results reported for GaN films produced by CVD methods (2,3,6). It is important to note
that all data follow the same trend, which can be extrapolated to predict the electron mobility of
relatively pure and defect free GaN-films. For example. a GaN film with net carrier concentration
of 10"em=2 is predicted from this graph to have an electron mobility of about 10%cm?V ~!sec~!.
which is comparable with that of GaAs.
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Figure 1. Electron mobility vs. net carrier concentration at 300K for a number of GaN films.

The electron concentrations in Figure 1 were calculated from the expression

1
ﬂ—m (l)

where Ky is the Hall constant. Equation (1) assumes electron conduction in one band. As
discussed previously (7), this assumption is valid at 300K. but at lower temperatures. conduction
in the autodoping centers {presumably nitrogen vacancies) becomes dominant. This is illustrated
in Figures 2 and 3, where we plot the Hall coefficient and resistivity of the most insulating of our
films vs 1/T. As discussed previously (7). these data indicate that at about 100K, the transport
switches from the conduction band to the band of the autodoping centers. Thus, in general, the
Hall constant and resistivity of these films should be described by two band expressions:
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where 1. and ny are the concentrations of conducting carriers in the conduction band and the band
of the autodoping centers respectively; ji. and ug4 are their corresponding mobilities. Equations
(2) and (3) can account for the experimental behavior of Figures 2 and 3. Similar behavior
was reported also by llegems (6) and Akasaki (2) for the GaN films grown by CVD methods.
Nakamura {3), on tne other hand, who producea GaN films with the smallest carrier concentration
(3 x 10'%cm™?) sees only transport in the conduction band down 1~ 40%,
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Figure 2. Hall Constant vs. 1/T for Figure 3. Resistivity vs. 1/T for the
our higest mobiltsy GaN Film same GaN film discussed in Figure 2.

The temperature dependence of the electron mobility for the film discussed in Figures 2 and
3 is shown in Figure 4. The high temperaure data in this Figure are characteristic of transport
in the conduction band, while the low temperature correspond to transport in the band of the
autodoping centers.

CONCLUSIONS

We have demonstrated the growth of high mobility GaN-filins grown by the method of Electron
Cvclotron Resonance assisted Molecular Beam Epitaxy. The relation between mobility and net
carrier concentration also predicts the results on GaN films grown by CVI) methods as well as
anticipates the values of electron mobility for purer and relatively defect free GaN films. For
GaN films with carrier concentrations larger than 10'7em ™3, transport in the autodoping center
becomes dominant at temperatures beiow 300K.
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Electron transport mechanism in gallium nitride
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The electron transport mechanism in autodoped gallium nitride films grown by electron
cyclotron resonance microwave plasma-assisted molecular beam epitaxy was investigated by
studying the temperature dependence of the Hall coefficient and resistivity on samples with
various concentrations of autodoping centers. The Hall coefficients go through a maximum as
the temperature is lowered from 300 K and then saturate at lower temperatures. The resistivities
in the same temperature range initially increase exponentially and then saturate at lower
temperatures. These findings are accounted for if a significant fraction of electron transport, even
at room temperature, takes place in the autodoping centers and that conduciion through these
centers becomes dominant at lower temperatures. The activation energy of these centers was
found to be on the order of 20-30 meV. When the concentration of the autodoping centers
becomes smaller than that of deep compensating defects, the material becomes semi-insulating
and transport by hopping in the compensating defects becomes dominant.

Gallium nitride (GaN) is one of the most promising
wide-band-gap semiconductors for the development of
high efficiency UV-vis photonic devices due to its direct
band gap. The majority of reported work indicates that the
GaN films are autodoped n-type, a resuit generally at-
tributed to nitrogen vacancies.'? In general, the defect
structure of GaN films is poorly understood and very dif-
ficult to control experimentally, resulting in difficulties in
doping this material p-type.>*

GaN films produced by a variety of deposition meth-
ods were generally found to have low electron mobilities
( <100 cm?/V s) and high carrier concentration (> 10'®
cm~*),% although there have been reports* > of mobilities
~600 cm?/V's and carrier concentratiun ~10'® cm~3,
Some other workers®’ reported semi-insulating films. One
would expect that more lightly doped films would have
higher Hall mobilities. However, such films generally do
not have measurable Hall coefficients, suggesting low car-
rier mobilities,*” while highly conductive (even degener-
ate) samples readily have mobilities >20 cm?/V s. This
anomaly has not yet been accounted for.

In this letter, we report on Hall measurements per-
formed on a number of GaN thin films grown on the
(0001) plane of sapphire by the electron cyclotron reso-
nance microwave plasma assisted molecular beam epitaxy
(ECR-MBE) method. The data is analyzed by taking into
account that conduction through defects makes a signifi-
cant contribution to the electrical transport. The proposed
maodel also accounts for the low mobility in the semi-
insulating films.

The films were deposited by the two-step growth pro-
cess in which a GaN buffer is grown first at relatively low
temperatures and the rest of the film is grown at higher
temperatures. "7 This method is capable cf producing ei-
ther conductive or insulating films. The conductive films,
which are reported herz, are generally grown under condi-
tions (high substrate :zmperature, low nitrogen overpres-
sure) which are beitered io lead to the introduction of

nitrogen vacancies.' These films tend to be covered at the
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end of the run with microscopic Ga droplets. due to phase
separation of excess Ga in the GaN films. To study the
transport properties in these films the Ga droplets are
etched by emersing them in concentrated HCl. The insu-
lating films, which ar= zrown at high nitrogen overpressure
are free of Ga droplets.

The structure and surface morphology of these films
were reported elsewhere.'” X-ray diffraction studies indi-
cate that the films are high-quality single crystals with full
width at the half-maximum of the 8-rocking curves found
to be ~ 10-20 min.

The films were grown at a deposition rate of 0.2 um/h
and were 1-2-um thick. The samples were abrasively
etched into Van der Pauw lamilla and ohmic contacts were
made by annealing indium pads. The transport coefficients
were measured from 10 to 3C0 K in a closed loop helium
cryostat. The magnitude of the magnetic field was varied
up to 7 kG and the current through the sample was vared
from 107% 10 10~° A.

The resistivities of the investigated samples at 300 K
are shown in Table 1. All the samples are n-type and their
room temperature resistivities vary from 00! to 0.12
Q cm. Figure 1 shows the Hall coefficient vs 1/7 for the
investigated samples. For the more resistive samples (118,
119. 110, 115) the Hall coefficient goes through a maxi-
mum. The temperature at which this maximum occurs is
higher for samples with lower resistivity. The Hall coeffi-
cients for all the samples saturate 1o censtant values at low
temperatures. The resistivity vs 1/7 of the investigated
films is shown in Fiz. 2. in all samples the resisuvity ini-
tially increases as the temperature is lowered and then sat-
urates to a constant value.

The observed decrease tn the Hail ceefficient at low
temperatures is not ¢ nizal for semiconductors  Similar
behavior has been obsered ter GaN iims grown by chem-
1cal vapor deposition **'" The data of Figs. | and 2 bear
rasemblance to benavier obserted :n p-tyvpe and n-type
Ge.” where a modei :nvolving transport in doth the defect
centens and the conauctien Hand was intreduced to explain
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TABLE I. Room temperature resistivities of the investigated samples.

Sample Thickness {um) Type Resistivity at 300 K [0 cm)
118 19 n 0.121
119 1.7 n 0.074
110 1.8 n 0.038
115 1.8 n 0.025
114 1.1 n 0.012

the phenomenon. The conduction in the defect centers may
be either diffusive, due to the small but finite overlap of the
localized electron wave functions of the defect centers or
hopping.'” Therefore the defect band mobility is expected
to be small compared to the conduction band mobility, and
defect band conduction only becomes dominant when car-
riers in the conduction band become negligible.

The results of Figs. 1 and 2 can be fitted to such a
two-band model in order to determine the refative concen-
tration and the corresponding mobilities of electrons in the
autodoping centers and the conduction band. Let us as-
sume that the donor concentration in our films is N, with
an activation energy AE, and that the concentration of
deep compensating centers (due to defects such as dislo-
cations) is /¥,. At a given temperature, a portion of the net
carrier concentration (/V,N,) is excited into the conduc-
tion band and has mobility u. and concentration n,. The
unexcited carriers remain in the defect states with a much
lower mobility u, and concentration n,; The net carrier
concentration of the conducting carrier is

No="‘-+nd=Nd—Na. (l)

Taking both these contributions into account, the Hall co-
efficient, Ry can be expressed as'®
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FIG. 1. Hall coefficient vs 1/T.
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ngit+ (No—n.)pl

- 2
F™ [nguc+ (No—ndpal’e (2) :
and the measured resistivity is
1 1
p=—= ; (3)
o nep.+(No—n.)epq
Letting b=pu,/p,, we have
(1—5%)n + Nob?
eRy= , (4)
= 1(1—b)n .+ Nob]
1
(5)

PE (0 =b)n 4+ Nble

Note that if n, is much larger than n, (the high tempera-
ture limit), the expression for Ry reduces to the expression
used for one-band conduction. However, for u,540, as the
temperature is lowered the carriers in the conduction band
will decrease to the point where conduction through the
defect states will dominate. It is also apparent from Eq. (4)
that eRy at both temperature limits is the same and equal
to 1/N,. If b is not a strong function of temperature, it can
be shown that eRy in Eq. (4) has 2 maximum

(1+4b5)?
eR”"‘“=—4Nob , (6)
when
Nob
" +b) ™

Then the expression of R in Eq. (4) qualitatively predicts
the shape of the experimental curves shown in Fig. 1.
The parameters u4 p 1. and n, are related to Ry and
p by Egs. (4) and (5). However, at each temperature,
there are three unknowns for the two equations. Hung
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TABLE I1. Values of N, and AE, for samples studied.

Sample N, [carrier/cm’] AE [, [meV)
118 4.75% 10" 19.09
119 $.80% 10" 18.82
110 400% 10" 32.16
115 5.56% 10'* 31.31
114 2.19% 10" e

et al'® analyzed the Ge data by assuming that the mea-
surements at high temperatures were dominated by the
conduction band electrons and extrapolated the carrier
concentration curve to low temperatures to predict n_ at
low temperatures. However, we found that in our case, the
defect band conduction is not negligible even at room tem-
perature and therefore we did not adopt this approach.

In the case of a well-defined activation energy AE,, the
carrier concentration in the conduction band is expected to
change exponentially with temperature. The parameters
No, AE, and p, py at each temperature can be extracted
using Eqs. (4)-(7)."2 The extracted values of Ny and AE,
for each of the samples are listed in Table II.

Figure 3 shows the temperature dependence of u, and
4 calculated for sample No. 119. The temperature depen-
dence of p, is typical of semiconductors. The scattering is
dominated at low temperatures by ionized impurities and
at high temperatures by phonon scattering. Figure 4 shows
the temperature dependence of n,. and n, calculated for the
same sample (119).

If the concentration of donors is smaller than the deep
defects known to exist in GaN films, the material will be
fully compensated with its Fermi level pinned by these
defects. In such a material, transport is dominated by hop-
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ping in the compensating centers leading to low electron
mobilities.

In conclusion, we studied the transport mechanism of
a number of GaN films produced by the ECR-MBE
method. The experimental results were accounted for by
invoking conduction both through the conduction band
and the autodoping centers at 20-30 meV below the con-
duction band. When the concentration of the autodoping
centers becomes smaller than the deep compensating de-
fects, the material becomes semi-insulating and the trans-
port is determined by electron hopping through the deep
compensating defects. This accounts for the low electron
mobility of the semi-insulating GaN films. The nature of
the autodoping centers is assumed to be nitrogen vacancies,
and their energy levels are found to be 20-30 meV.

We would like to thank M. Yoder for his encourage-
ment in this effort. This work was supported by the Office
of Naval Research (Grant No. N00014-92-J-1436).
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We report measurements on the nature of aluminum and gold contacts to GaN. The GaN films

- were deposited onto the R-plane of sapphire substrates by molecular beam epitaxy and are

autodoped n-type. Metal contacts were deposited by evaporation and were patterned
photolithographicaily. Current-voltage characterization shows that the as-deposited aluminum
contacts are ohmic while the as-deposited gold contacts are rectifying. The gold contacts become
ohmic after annealing at 575°C, a result attributed to gold diffusion. The specific contact
resistivity of the ohmic aluminum and gold contacts were found by transfer length
measurements to be of device quality (10-7-1078 @ m?). The results of these studies suggest a
direct correlation between barrier height and work function of the metal, consistent with the

strong ionic character of GaN.

Gallium nitride (GaN) is a direct, wide band-gap
semiconductor (E,~3.4 eV) whose conduction band
structure allows for a high saturation velocity (3% 10’ cm/
s)."? Due to these unique properties GaN is expected to
find applications in optical devices (LEDs, lasers, detec-
tors) operating in the spectral region from the blue to
near-UV and in electronic devices such as high tempera-
ture, high power, and high frequency transistors.

GaN films are generally n-type3 with carrier concen-
trations between 10'® and 10?° cm 2 and electron mobili-
ties of about 20 cm?/V s. The n-type autodoping is attrib-
yted to nitrogen vacancies. The most important recent
development is the discovery that AIN* and GaN*"'° buff-

" ers lead to lateral growth which significantly improves the
surface morphology and the electrical properties of the
films.

In this letter, we report our initial investigation of
metal/GaN contacts. Metals investigated include Al and
Au. Current-voltage (/-V) measurements and transfer
length measurements (TLM) of the specific contact resis-
tivity are presented.

The GaN films used in this study were grown by the
ECR-MBE method without a GaN buffer layer.!"? All
films were deposited on sapphire substrates with R-plane
orientation. X-ray diffraction studies show that the films
have the wurtzitic crystal structure with (1120) orienta-
tion, which leads to a faceted surface morphology.'? The
faceted surface makes these films unsuitable for planar de-
vices, however, the metal contact results presented in this
letter should be applicable to GaN films grown on other
substrates and orientations. The transport coefficients were
determined by Hall effect measurements using the Van der
Pauw configuration. The investigated films were n-type
with resistivities of about 10! ) cm, carrier concentration
of 3% 10'® cm ™3 and Hall mobilities of about 20 cm?/V s.
TFhe thickness of the films was 1.6 um.

The Au and Al contacts were deposited on the GaN
films by thermal evaporation and patterned using photoli-
thozraphy and liftoff techniques.'® The base pressure of the
evaporation unit was 10~ Torr and the system was cry-
opumped to keep the chamber oil-free. Tungsten evapora-
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tion boats were used to evaporate 99.999% pure Al and
Au. The substrates were kept at room temperature during
the evaporation. Prior to photolithography, the samples
were degreased. Following metal deposition, the metals
were patterned using liftoff techniques which consisted of
ultrasonic baths in acetone and methanol. The contacts
were patterned in TLM structures which consist of three
square contacts separated by known distances [see Fig.
1(a)]. The same contacts were also used in pairs to eval-
uate the rectifying nature of the metal/semiconductor in-
terface by I-V characterization. Because these pairs of con-
tacts were deposited on the <urface of the GaN films, they
constituted back-to-back Schottky barrier systems.

1-V characterization was carried out by injecting up to
+20 mA with a current source and measuring the voltage
across the same contacts with an electrometer. I-V char-
acterization was performed on both as-deposited metal
contacts and metal contacts which had been annealed in a
reducing atmosphere for 10 min at 575 °C. Al of the mea-
surements were made in atmosphere at room temperature.

Measurements of the specific contact resistivity were
made using the TLM method which is employed widely in
the characterization of ohmic contacts to semiconduc-
tors.'*'¢ The technique requires the formation of contacts

n
| '
R
L]
L Semiconductor
=24 Wy !
(@ (b) 1o

FIG. 1. (a) Sample configuration for I-¥ and TLM characterization. The
thin vertical stripe is a 10 um wide area of exposed GaN. The three wide
rectangles are metal contacts separated by 20 and 15 pm. (b) Schematic
of current flow through planar contacts. Nearly all of the current flows
through one transfer length, L,, of the contacts’ front edges. (c) Plot of
the measured resistance against the contact separation.
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FIG. 2. I-V characteristics of as-deposited Al/n-GaN and Au/n-GaN
structures.

with controlled geometry and evaluates the difference in
resistance between equally sized pairs of contacts separated
by different distances. The specific contact resistivity (p,.)
is calculated from a measurement of the effective contact
resistance (R_), the contact width (W), and the transfer
length (Ly): ‘

p=RWLy. (n
The effective contact resistance is given by:
Ryl —R\{
2Rc=_2_l__‘.3 , (2)
hL-1

where R, is the resistance measured between contacts
spaced /) apart and R, is the resistance measured between
contacts spaced /, apart. In a planar contact configuration,
nearly all of the current enters the semiconductor through
a small area at the edge of the contact.'” The parameter L
is the length of this area as indicated in Fig. 1(b). This
quantity is estimated by plotting the resistance of two pairs
of contacts against the distance separating the individual
contacts within each pair. The line connecting the points
R, and R, crosses the resistance axis at the 2R, point and
intersects the distance axis at the —2L, point [see Fig.
1{c)].

The TLM technique relies on the assumption that the
semiconductor material under the contact has not been
doped differently than the bulk material, and the accuracy
of the method depends on the ability to control the sepa-
ration between the contacts. Due to the faceted surface
morphology in our films, the determination of the contact
areas was difficult and limited the accuracy of the specific
contact resistivity to within an order of magnitude.

The I-V characteristics of the as-deposited Al and Au
contacts are shown in Fig. 2. For both metals the -V
curves are symmetric about the origin as is expected for
back-to-back Schottky barriers where the characteristic is
that of a reverse-biased barrier irrespective of the current
polarity.'” The Al contact /-V characteristics are linear
indicating that the contact is ohmic with no apparent bar-
rier to current flow. In contrast, the /-¥ characteristics of
the Au contact exhibit curvature associated with the for-
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mation of a Schottky barrier. This Schottky barrier is leaky
due to tunneling effects arising from the high carrier con-
centration of the films and the possible existence of an
interfacial native oxide layer.!® These results indicate that
the barrier height depends on the metal used.

The I-V curves for the same contacts after annealing,
shown in Fig. 3, suggest that both the Al and Au contacts
have changed during annealing. The I-V curves of the Al
contacts acquired a shight curvature and the calculated re-
sistance increased by about 50%. These changes may be
attributable to the formation of an interfacial AIN layer
during the annealing process. No experimental work was
performed to confirm the existence of such a layer. The I-V
curves of the Au contacts became practically linear. A
similar result has been observed in Au contacts to GaAs
and attributed to Au diffusion in GaAs.'® Analytic mea-
surements and electron microscopy have not been per-
formed to confirm Au diffusion. The GaN material, how-
ever, has 10"%-10"° cm 7 nitrogen vacancies which should
facilitate the Au diffusion even though the material is
tightly bonded.

The specific contact resistivities of Al and Au contacts
were measured by the TLM method after annealing. The
results in Table I show specific contact resistivities mea-
sured for a number of contact pairs on a single GaN sam-
ple. The variations in the contact resistivities can be attrib-
uted to the nonuniformity of the film. All of the contacts
measured have specific contact resistances in the 107~
10 °® Q m" range. The lowest specific contact resistivities

TABLE I. Specific contact resistivities for Au/n-GaN and Al/n-GaN
after annealing. Measurements correspond to different TLM studies of a
single sample.

Specific Speaific
contact contact
resistivity resistivity
Metal (10 " m") Metal (10 " amd
Au 1.6 Al 012
20 14
31 P}
30
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tween the components of the compound (after Ref. 20).

reported for GaAs are ~10"° Qm? for high quality
AuGeNi contacts.'®

The simplest considerations of Schottky barrier forma-
tion between metals and semiconductors rely on the differ-
ence in work functions of the two materials to predict the
barrier height. For a large number of important semicon-
ductors, Si and GaAs included, the dependence of barrier
height on work function difference has not been observed,
a result attributed to the existence of surface states which
pin the Fermi level at the interface.'” The dependence of

* the barrier height on the work function difference has been
correlated to the ionicity of the semiconductor by Kurtin
and co-workers?® as shown in Fig. 4. In this figure, the
vertical axis is a parameter S which is defined as the change
in barrier height over the change in metal work function
(d¢,/dx,,) and the horizontal axis is the electronegativity
difference between the components of a compound which is
a measure of the compound’s ionicity. The direct depen-
dence of the barrier height on the work function for the
semiconductors with large electronegativity differences re-
sults from the bunching of surface states near the band
edges where they have less effect on the surface Fermi level
position.!’

The electronegativity difference for GaN is 1.87
eV.2"22 This puts GaN above the knee of the curve imply-
ing that Schottky barriers on GaN should have barrier
heights which depend directly on the work function differ-
ence between the metal and GaN. The work function of
GaN has been measured to be 4.1 eV.?* Therefore, any
metal with a work function equal to or lower than that of
GaN should form essentially ohmic contacts to n-type
GaN and any metal with a work function higher should
form a rectifying contact to n-type GaN. The work func-
tion of Al is 4.08 eV (Ref. 22) putting Al in the ohmic

_category. The work function of Au is 4.82 eV (Ref. 22)
which puts it in the rectifying category. Our results on Al
and Au contacts to n-GaN are in agreement with the pre-
dictions of this model.

Based on these findings a variety of metals can be cho-
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sen to form either ohmic or Schottky barriers to n- or
p-type GaN. For example, Al can form chmic contacts to
n-type GaN and Au can form ohmic contacts to p-type
GaN. Other factors may also play a role in choosing the
proper metals for contacts to GaN. For example, Au ap-
pears to diffuse upon annealing in the GaN. Thus, the use
of Au as a contact to GaN requires a thin interlayer of Ti
or Cr as a diffusion barrier.!* Also, annealing of Al con-
tacts may result in the formation of a thin insulating AIN
interlayer, which will increase its contact resistance.

In conclusion, the nature of Al and Au contacts to
n-GaN were investigated. It was found that the as-
deposited Al- and Au-contacts are ohmic and rectifying,
respectively. This result is in direct agreement with data
indicating that ionic materials do not suffer from Fermi
level pinning at metal/semiconductor interfaces. The lack
of Fermi level pinning greatly reduces the complication of
creating ohmic contacts to GaN as it is only necessary to
determine metals with appropriate wor! functions. Mea-
surements of the specific contact resistivities of Al and Au
annealed contacts on GaN give values in the range of
1077-107% @ m 2 which are of device quality.
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The structure of GaN films grown by electron-cyclotron-resonance-assisted molecular beam
epitaxy on Si(111), Si(001), basal-plane sapphire, a-plane sapphire, and r-plane sapphire
substrates was studied with four-circle x-ray diffractometry. Phase content, domain size,
inhomogeneous strain, and in-plane and out-of-plane domain misorientations were measured
and compared for films grown on each type of substrate. Wurtzite and zinc blende polymorphs
were found to coexist in films grown on Si(111). The two structures grow in the (0002) and
(111) orientations, respectively, so that they may transform into each other via stacking faults
on close-packed planes. Smaller amounts of zinc blende material were also found in
predominately (0002) wurtzitic films on a-plane sapphire and (1120) wurtzitic films on r-plane

sapphire.

I. INTRODUCTION

The growth and properties of GaN films have been
under extensive investigation because of their potential ap-
plications as light-emitting devices in the blue, violet, and
near-ultraviolet spectra.!? It is known that GaN exists in
-two polymorphs: wurtzite and zinc blende structures with
direct band gaps of 3.4 and 3.2 eV, respectively. The two
are analogous to hcp and fcc structures, respectively, in
their stacking sequences. Since bulk GaN substrates are
not available, films must be grown by heteroepitaxy on
foreign substrates. The majority of GaN films reported
have grown in the wurtzite structure, most commonly with
the basal planes parallel to the substrate. However, epitax-
ial stabilization of the zinc blende phase has been obtained
on GnAs, MgO, SiC, and Si substrates (see the citations in
Ref. 1). All substrates used have a large mismatch to GaN
films.

Despite the critical role which substrate symmetry and
unit cell size must play in the formation of heteroepitaxial
GaN films, relatively little detailed comparative structural
work has been performed. While reflective high-energy
electron diffraction (RHEED) is often used to character-
ize films in situ,>® it probes only the surface structure of
the growing film. Transmission electron microscopy
(TEM) studies provide important information about the
film microstructure and epitaxial orientation.”® but they
cannot quantitatively examine the degree of orientational
Arder between film domains or reliably detect small phase
components. In contrast, x-ray diffraction examines the
structure of the bulk of the film, can quantify the degre f
film orientational order, and can determine oriented minor
phase content down to the 10~* level. However, x-ray dif-
fraction measurements limited to Bragg peaks from planes
parallel to the substrate have significant limitations. Be-
cause the wurtzite and zinc blende structures simply differ
in their packing sequences (ABAB and ABCABC, respec-
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tively), the wurtzite (0002) and zinc blende (111) stack-
ing planes have the same lattice spacing. The wurtzite
(1120) and zinc blende (110) lattice spacings are also
equal to each other. Standard 6-28 x-ray diffraction scans
measure only the lattice plane spacings parallel to the film
surface and therefore cannot distinguish between the zinc
blende and wurtzite polymorphs if they have one of the
above orientations. Moreover, rocking curves of these “‘on-
axis” Bragg peaks (peaks due to lattice planes parallel to
the surface)® show only the orientational order perpendic-
ular to the substrate—they yield no information on the
orientational order of film domains in the plane.

We report here a comprehensive x-ray diffraction
study examining both the in-plane and out-of-plane struc-
tures of GaN films grown by electron-cyclotron-resonance-
assisted moiecular beam epitaxy on two of the most impor-
tant substrates for technological applications—silicon and
sapphire. Silicon substrates were of (111) and (001) on-
entation. Sapphire substrates were of (0001) (basal-
plane), (1120) (a-plane), and (1102) (r-plane) orienta-
tions. The details of the growth process have been
previously reported along with brief descriptions of some
of the x-ray results.'®'? All films studied here were approx-
imately 1 um thick and included a thin (~200 A) GaN
buffer layer at the substrate interface. We have found th. t
wurtzite and zinc blende GaN polymorphs often coexist in
these materials. This may explain the variable optical and
transport measurements sometimes observed in GaN
films."

Il. EXPERIMENTAL METHODS

The x-ray diffraction measurements reported here used
Cu Ka radiation in conjunction with a sagitally focusing
graphite (002) monochromator crystal and Soller shts for
low resolution measurements and a Ge (111) crystal for
high resolution determination of peak widths. The higher
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FIG. 1. Schematic of the Euierian four-circle diffraction geometry.

flux graphite configuration was used for scans covering a
wide range of angles and to examine weak peaks; its angu-
lar resolution is approximately 0.1°. The low fiux of the Ge
crystal configuration limited its application to relatively
strong Bragg peaks; its angular resolution is approximately
0.01°, which is much smaller than the diffraction widths of
the peaks observed from the GaN. Since most of the line
shapes observed could be fit to a Lorentzian function, the
instrumental resolution could be subtracted directly from
the measured peak widths to yield the net peak width val-
ues cited throughout the rest of the paper.

The experiments utilized a four-circle diffractometer
which allowed access to a large volume of reciprocal
space.'* A schematic of the four-circle geometry is shown
in Fig. 1. The horizontal plane M is defined by the incident
and reflected beams; y is defined as the angle between the
sample surface and plane M and y =0 when they are par-
allel. The angle ¢ measures the rotation around the surface
normal of the substrate and 26 is defined as the angle be-
tween the incident and reflected beam. The angle 8 mea-
sures the sample rotation around the axis perpendicular to
the M plane.

Several different types of scans were utilized to char-
acterize the thin films. The simplest, 0-20 scans, measure
the film structure along the surface normal #, giving infor-
mation on phase presence and orientation. Homogeneous
strain in the film due to uniform stress or nonstoichiomet-
ric composition is reflected in Bragg peak shifts relative to
those expected from measured GaN lattice constants. In-
homogeneous strain and finite domain sizes act to broaden
the 0-20 Bragg peaks. The full width at half-maximum
(FWHM) of a Bragg peak in a 6-26 scan includes both
effects'®

A

bﬁrm-#—(," tan 6, n

or, in reciprocal space
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2

6k=3+6mk. (2)
Here D is the average domain size, ¢, is the inhomoge-
neous strain, i.e.,, the FWHM variation of the interplanar
spacing d through the film 8d/d, and we assume that the
finite domain size and inhomogeneous strain contributions
lead to Lorentzian peak shapes. The different angular de-
pendencies of the inhomogeneous strain and the domain
size allow them to be separately determined from measure-
ments of two or more diffraction peaks. Various factors can
contribute to ¢,,, including local stresses due to disloca-
tions and mismatch as well as “'stress-free” strain due to
varying chemical stoichiometry through the film.

As mentioned in the introduction above. in many cases
6-20 measurements do not uniquely determine phase pres-
ence and orientation in GaN films. Because the wurtzite
and zinc blende structures are based on a simple stacking
sequence analogous to hcp and fcc packings, the (0002)
and (1120) planes of wurtzitic GaN films have identical
spacings and structure factors as do the (111) and (220)
planes of zinc blende GaN, respectively. Thus if a film
grown in one of these orientations, 6-20 diffraction scans
of these peaks cannot disunguish between the two poly-
morphs. However, the periodicities of the two structures
are fundamentally different—the stacking sequence repeats
every two planes in wurtzite; every three in zinc blende.
Thes nere are “off-axis™ diffraction peaks from planes in-
clined relative to the substrate which unambiguously be-
long to either the zinc blende or the wurtzite structure. We
have examined these to determine the phase contents of the
films in this study.

We have also performed measurements to examine the
orientational quality of the thin films. Rocking curves of
around the on-axis Bragg peaks were used to examine the
orientational spread of the film parallel to the surface nor-
mal. The spread of in-plane orientations as well as the
epitaxial relationship between substrate and film axes in
the plane were determined with ¢ scans, in which the sam-
ple was rotated about its normal while 6, 26, and y were
held fixed at the peak position.

Hl. EXPERIMENTAL RESULTS

A. GaN on SI

1. GaN on Si(111)

X-ray 6-26 scans of films on Si(111) show only two
peaks which are indexed as the wurtzite (0002) and/or
zinc blende (111) and their harmonic. The peak positions
yield a d spacing of 2.59 A, which is consistent with pre-
vious lattice constant measurements.’ No other peaks were
observed, ruling out the existence of other epitaxial orien-
tations down to the 0.1% level. Since data from only two
peaks are available, the separation of the peak widths mnto
domain size and inhomogeneous strain broadening using
Eq. (1) has limited accuracy. However the theta FWHM
of the fundamental peak and its harmonic are 0.08° and
0.19°, respectively, implying that the dominant contribu-
tion to the widths comes from an inhomogeneous strain of
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FIG. 2. Schematic of reciprocal space showing a scan along the [101/]
direction. The dots are allowed wurtzite reflections and the tnangles show
the allowed zinc blende refiections for each of the two twins (primed and
unprimed). The off-axis zinc blende reflections are labeled with respect to
the cubic cell, but the graph units are wurtzite reciprocal lattice units
(rlu.).

approximately 0.2%. The grain size estimated from the
peak widths is resolution limited, so that the coherent do-
main size must be larger than approximately 1500 A.

In order to better investigate the polymorph content of
the film, separate diffraction scans were performed in the
{0001} direction through the wurtzite (101/), (110/), and
(112/) reciprocal lattice points [Figs. 2 and 3 show the
scan through the (101/ peaks]. The scans show that there
are significant components of both wurtzite and zinc
blende phases in the materials. The zinc blende further
exists equally in its two twins corresponding to AB-
CABC... and CBACBA...packing. The relative heights of
the zinc blende and wurtzite peaks suggests that approxi-
mately 25% of the film is zinc blende and the remainder is
wurtzite. The in-plane orientation between the two poly-
morphs is wurtzite [1010] | | zinc blende [110], which is the
orientation required in order for the close-packed planes of
the two polymorphs to be in registry. It is noteworthy that
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FIG. 3. A diffraction scan along the wurtzite [101/] direction. The /
reciprocal lattice unit values refer to the wurtzite ¢ axis and the wurtzite
and zinc blende peaks are labeled. The orngin of the small peak at 2.66
r.l.u. 15 unclear.
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earlier reports'’ of wurtzite formation on Si (111) could
not distinguish between wurtzite and zinc blende struc-
tures, so that similar polymorph coexistence may have
been present there as well.

It is possible that the zinc blende and wurtzite phases
nucleate independently on the substrate. However, in co-
balt and silicon carbide® it is known that the two analo-
gous hcp and fcc polymorphs can nucleate each other at
stacking faults on the close-packed planes. Moreover, twin-
ning in metallic crystals as well as in CdTe!® films can
occur in the same way. It is therefore possible that the
coexistence of the two polymorphs and of the two zinc
blende twins in the GaN films may be related to the pres-
ence of stacking faults. While it is difficult to definitively
confirm this with x-ray diffraction, TEM studies’' per-
formed after out initial reports of these results’’ have
shown conclusively that wurtzite and zinc blende polymor-
phs do nucleate each other at stacking faults in InN films.

Within each of the two phases, however, the occur-
rence of stacking faults can be examined with x-ray
diffraction.?® The faults formed during the growth process
here occur mostly on the close-packed plane paraliel to the
substrate, i.e., the growth plane of wurtzite (0002) and
zinc blende (111). Therefore the on-axis wurtzite (0002)
and zinc blende (111) peaks themselves are insensitive to
stacking faults since they represent Fourier density com-
ponents perpendicular to the stacking planes. However,
faults do affect certain off-axis diffraction peaks from
planes inclined relative to the surface.?’ In the wurtzite
structure, those diffraction peaks (Ak./) with (h—k)543n,
where 7 is an integer, are broadened by faulting so that the
FWHM of a Bragg peak for diffraction scans along the
[0001] diffraction is

2r 2(3a+138)
6k=—+e,nk+———€- (3)
D c

for even / and

27 a
6k=-5+emk+2(3—c+ﬂ 4)
for odd / Here we assume that the predominant faults in
the material are deformation fauits (...ABAB|CACA...)
and growth faults (...ABAB|CBCB...) with probabilities a
and B of occurring in a given plane, respectively, and c is
the c-axis lattice constant. Measurements of the peak
widths of the (1013) and (1014) peaks show that they
both have an excess width associated with faulting of ap-
proximately 0.007 reciprocal lattice units (2n/¢). Thus the
dominant faults appear 1o be the deformation faults with
a~0.007 and the distance between faults is approximately
c/a~800 A.

It 1s more difficult to measure faulting densities accu-
rately from the lower intensity zinc blende peaks. Those
diffraction peaks (hk/) with ( —h+ 2k —1)==6n would be
broadened and shifted by faulting.”’ If we assume that the
predominant faults are deformation faults
(...ABC|BCA...) with probability ¥ on a given plane and
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FIG. 4. A ¢ scan at the wurtzite (1102) peak for a film on Si(111).

twin faults (..ABCBA...) with probability §, then the
FWHM of a Bragg peak affccted by faulting for scans in
the {0001] direction is

27 3(3y+2

6k=_D-+e*"k+_‘/:(_—T—9_' (5)
Peak positions are shifted by =+ 3y/47 reciprocal lattice
units (27/a), where a is the cubic lattice constant. The
lack of shifting and excess broadening in the zinc blende
peaks measured with the high flux low resolution graphite
monochromator limits the faulting probabilities to 7,
£ <0.005. The distance between faults must therefore be
greater than 600 A in the zinc blende material.

In addition to the peaks which can be indexed to the
wurtzite and zinc blende structures, there is a very small
peak not belonging to these two phases in the (112/) and
(170/) scans at /=1.66 reciprocal lattice units. The posi-
tion of a peak at a nonintegral / value suggests that it could
be due to a larger superstructure. Polytypes with long re-
peat periods are well known in the silicon carbide system.'*
However, no other peaks attributable to a long-period
polytype are observed and calculations suggest that poly-
types would not have a strong reflection at this position.
The ongin of the peak therefore remains unclear.

The orientational quality of the films normal to the
substrate was examined with 6 rocking curves at the wurtz-
ite (0002)/zinc blende (111) peak. The FWHM of the
rocking curve, which is a direct measure of the orienta-
tional spread of grains around the surface normal, is 0.9°.
The orientational quality parallel to the substrate was mea-
sured with @ scans at the wurtzite (1102) and zinc blende
(111) reflections. The dominant peak in the wurtzite
(1102) scan has the six fold symmetry expected from the
hexagonal structure (see Fig. 4). However, very small
peaks with slightly less than 1%¢ of the intensity of the
dominant peaks were observed at ¢=30" and ¢=90".
These indicate that a small fraction of the domains have an
in-plane orientation which differs by 30° from the bulk of
the wurtzite component. Phi scans of the zinc blende ( 111)
show that these 30° misoriented domains exist in that poly-
morph as well (see Fig. 5). The in-plane orientational
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FIG. 5. A & scan at the zinc blende (111) peak for a film on Si(111).

spread of the wurtzite film component is 1.9°, twice as large
as the out-of-plane orientational spread. The epitaxial in-
plane orientation is GaN[1120]| |Si{110]. This is the same
orientation as found in earlier growth studies.!’

2. GaN on Si(001)

We have previously reported the results of 8-20 scans
and rocking curves of GaN films on Si(001) substrates.'"'?
The dominant peaks in the 6-26 scans are indexed to zinc
blende (002) and (004). The large widths of the two
peaks, 0.40° and 0.72°, respectively, indicate a higher inho-
mogeneous strain and a smaller domain size than occurs on
the Si(111) substrate. Application of Eq. (1) yields ‘an
approximate inhomogeneous strain of 0.6% and an effec-
tive domain size of 500 A

In addition to the dominant zinc blende (002) peak
and its harmonic, the 6-20 scan shows a small peak at the
position corresponding to zinc blende (111) and/or wurtz-
ite (0002) orientations. Thus approximately 1% of the film
has this orientation. TEM has shown that this component
develops in the early stage of the buffer layer deposition.

The rocking curve of the (002) peak is 1.6° wide—
much broader than that of GaN on Si(111). The in-plane
orientational order of the dominant zinc biende (001)
phase was examined with a ¢ scan of the (111) reflection.
It shows a fourfold rotational symmetry with a spread of
approximately 2.5° about the maxima. The ¢ scans show
also that the epitaxial relationship between film and sub-
strate is GaN (100) | |Si(100).

In order to explore the existence of wurtzite and of
stacking faults in the films, we have also performed a series
of scans in the [111] and equivalent close-packed direc-
tions. Figure 6 shows such a scan from the (002) recipro-
cal lattice point to the (111) point. The size of the wurtzite
peaks indicates that approximately 10% of the matenial is
in that phase. However, twinning of the zinc blende in the
film is quite small—approximately 1% of the zinc blende
material is in the minor twin orientation. This suggests that
one twin grows preferentially at the substrate interface and
its orientation is maintained throughout the bulk of the
film.
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FIG. 6. A scan along the [111] direction from the (002) peak to the
(111) peak for a film grown on Si(100). The stacking fault density is
sufficiently high that the Bragg peak intensity is smeared into a streak in
this direction (the background to the streak is approximately 2 on this
scale). The x axis refers to the / component of the scan and is in reciprocal
lattice units referenced to the zinc blende lattice constant. Peaks due to
the two zinc blende twins (pnmed and unprimed) and to the wurtzite
polymorph are indicated.

Together, Fig. 6 and scans perpendicular to it show
that the faulting density in the film is so high that the
Bragg peak intensities are spread into a streak along the
close-packed direction; the background on which this
streak sits is only two on the scale of the figure. Scans along
the other three equivalent [111) cubic directions show a
similar behavior. Thus the material has a very high density
of stacking faults on all four sets of zinc blende close-
packed planes, which are inclined at 54.74° relative to the
growth plane of (001). In Fig. 6, the wurtzite (1010) peak
has approximately twice the width (0.19 wurtzite recipro-
cal lattice units) of the (1011) peak (0.095 wurtzite recip-
rocal lattice units). If we assume that the average domain
size of the wurtzite is much larger than the distance be-
tween stacking faults, then application of Eqs. (3) and (4)
yields values of a~0.05 and B~0.1S. Thus the wurtzite
material is indeed highly faulted—there are stacking faults
every few unit cells! As Fig. 6 shows, the zinc blende peaks
are all much narrower than the wurtzite peaks. Their small
width implies that the distance between stacking faults in
the zinc blende polymorph is at least 500 A.

B. GaN on sapphire substrates
1. GaN on basal-plane sapphire

As was the case with the Si(111) substrate, the 6-26
scan of the GaN film on basal-plane sapphire shows two
dominant peaks which correspond to wurtzite (0002)
and/or to zinc blende (111) and their harmonic. The
widths of the two peaks are 0.06° and 0.11°, from which the
grain size is estimated to be greater than 1500 A and the
homogeneous strain to be approximately 0.8%.

In order to further examine the polymorph content of
the film, we also searched for (111) reflections of (111)
oriented zinc blende grains. In contrast to the case for GaN
grown on Si(111), however, there is no zinc blende (111)
intensity down to the 107 level.
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FIG. 7. Projection of bulk basal-plane sapphire and GaN cation positions
for the observed epitaxial growth onentation. The dots mark aluminum
atom positions and the dashed lines show the sapphire basal-plane unut
cells. The open squares mark gallium atom positions and the solid lines
show the GaN basal-plane unit cells. The aluminum atoms on the sap-
phire plane sit at positions approximately 0.5 A above and below the
plane position.

The @-rocking curve of the film (0002) peak has a
FWHM of 0.4°. This is comparable to that observed by
Sasaki and Zembutsu® in films grown with metalorganic
chemical vapor deposition (MOCVD) and by Shintani
et al.¥® using HVPE, but significantly smaller than that in
MOCVD films grown on AIN buffers by Amano et al’® Phi
scans at the off-axis (1102) wurtzite reflection of GaN
display the dominant reflection peak as ¢ rotates every 60°,
a result of the 6/m symmetry of the rotation axis, as is in
the case on Si(111). However, here no in-plane misori-
ented domains were observed. The in-plane orientational
spread is 0.8°, about twice as large as the out-of-plane ori-
entational spread. The in-plane orientation of the film is
found to be GaN (1120)]|sapphire (1100). This is in
agreement with previous reports on GaN films on basal-
plane sapphire grown by a variety of techniqus.“"u The
lattice mismatch between GaN and the basal plane of the
sapphire hexagonal unit cell is over 30%. However, as
noted by Kosicki and Kahng,® the mismatch is signifi-
cantly less ( ~ 15¢2) between the wurtzite basal plane unit
cell and a smaller hexagonal cell within the sapphire unit
cell. The smaller cell of Al atoms on the basal-plane sap-
phire is oriented 30° away from the larger sapphire unit
cell, in agreement with the GaN orientation found experi-
mentally. Figure 7 shows that this epitaxial orientation
gives relatively good agreement between the bulk atomic
positions of Al atoms in the sapphire and Ga atoms in the
film.

2. GaN on a-plane sapphire

As is the case for GaN grown on Si(111) and basal-
plane sapphire, 6-20 scans of GaN film on a-plane sap-
phire show peaks corresponding well to previously pub-
lished values of the wurtzite (0002) interplanar spacing.
The FWHM of the two peaks are 0.06° and 0.11°, the same
as those for GaN on c¢-plane sapphire, so that the grain size
and inhomogeneous stress are similar. The off-axis zinc
blende (111) peak was cxamined to measure the percent-
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FIG. 8. Projection of bulk a-plane sapphire and basal-plane GaN cation
positions for the observed epitaxial growth orientation. The dots mark
aluminum atom positions and the dashed lines show the sapphire a-plane
unit cell. The open squares mark gallium atom positions and the solid
lines show the GaN basai-plane unit cells.

age of (111) onented cubic phase present. The peak’s in-
tensity suggests that approximately 1% of the material has
the zinc blende structure. A previous examination by
Wickenden ef al.2* of GaN films deposited by vapor phase
epitaxy had reported only the growth of wurtzitic material.
It is unclear, however, that the study could distinguish
between the wurtzite and zinc blende polymorphs.

Although the domain size and inhomogeneous strains
of the GaN films grown on a-plane sapphire are similar to
those for films grown on basal-plane sapphire, the
0-rocking curve of the film on g-plane sapphire has a
FWHM of 0.6°, 50% larger than that of GaN on basal-
plane material. Phi scans at the off-axis wurtzite (1102)
reflection show no in-plane misoriented domains, as is the
case with basal-plane sapphire. However, the in-plane ori-
entational spread here is significantly larger—1.4°. The in-
plane epitaxial relationship was found to be GaN
[1120]| | sapphire [1100]. As Wickenden ez al.** point out,
in this orientation the bulk positions of the substrate and
film cations lie along lines in the sapphire [0001] direction
(see Fig. 8). The mismatch between the substrate and film
row spacings is only ~0.7%, although many of the sub-
strate and film cation positions do not show a good corre-
spondence.

3. GaN on r-plane sapphire

When 6 was aligned with respect to the GaN reflec-
tion, 6-26 scans from films grown on r-plane sapphire
showed only a peak which can be indexed to the wurtzite
(1120) or zinc blende (110) reflections. No peak from the
sapphire substrate was observed. However, when 8 was
aligned with respect to the substrate reflection, the scan
showed only the sapphire (2204) peak. Thus the film
planes are not exactly parallel to the (1102) planes of the
sapphire substrate. By varying ¢, it was found that the
misorientation is approximately 1.5° and is along the GaN
[0001] direction. In order to better measure the phase con-
tent of the films, we examined the zinc blende (111) off-
axis peak. From its peak intensity, we estimate that only
~ 1% of the material is in the zinc blende phase; the ma-
jority 1s wurtzite. Again, previous studies have reported
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FIG. 9. Projection of bulk r-planc sapphire and a-plane GaN catior.
positions for the observed epitaxial grow.h onentation. The dots mark
sluminum atom positions and the dashed lines show the sapphire r-plane
unit cell. The open squares mark gallium atom positions and the solid
lines show the GaN g-plane unit cells.

only the growth of wurtzitic GaN on 7-plane sapphire,**22

but it is unclear that they had the ability to distinguish
between the two polymorphs.

The FWHM of the 6 rocking curve at the on-axis peak
is 0.6". This is comparable to values reported by Sasaki and
Zembutsu®? on films grown by MOCVD. In order to ex-
amine the in-plane orientation, a ¢ scan was performed at
the wurtzite (1100) reflection. The scan shows a repetition
every 180° in ¢, which is a result of the twofold symmetry
of a-plane GaN. The in-plane orientational spread is 6.7°,
the largest for all of the GaN films. Phi scans show that the
in-plane orientations between the two film polymorphs and
the substrate are wurtzite (0002)|| sapphire (1101)] |
zinc blende (111). The wurtzite epitaxial orientation is the
same as that found in previous reports of films grown on
r-plane sapphire.>*? Surface studies have found that co-
rundum r-plane surfaces are quite stable and evidently do
not significantly reconstruct.?® It is therefore interesting to
note the good agreement between bulk substrate and film
cation positions in the experimental epitaxial orientation,
as Fig. 9 shows. The lattice mismatch is only 1.3% in the
sapphire [1101] direction, although it is ~15% in the
(1120] direction. The particularly small mismatch in the
sapphire [1101) direction may be responsible for the small
tilt between the GaN planes in the film and the substrate
planes. Since the film axis in this direction is slightly longer
than that of the substrate, the film planes may tilt up
slightly in order to better match the projection of the GaN
unit cells onto the interface with the sapphire unit cells
below. Because of the twofold rotational symmetry of the
sapphire r-plane unit cell, however, it is unclear why film
domains grow with a misalignment in only one of the two
possible directions. An alternate possibility is that the film
tilt is related to a miscut of the substrate wafer. However,
the tilt was observed in several films and was always ori-
ented along the sapphire [1101] direction.

IV. DISCUSSION AND CONCLUSIONS

The results of our four-circle x-ray diffractometry sug-
gest that the coexistence of wurtzite and zinc blende poly-
morphs in GaN thin films may be widespread. As dis-
cussed above, most previous studies would not have been
able to distinguish between the two, especially if one poly-
morph exists only at the 19 level. Since the two have
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different band gaps and possibly different doping capabili-
ties, it is imperative that future investigators interested in
optical and transport properties also evaluate their films’
phase content. For this purpose x-ray or electron diffrac-
tion measurements of off-axis Bragg peaks are both suit-
able, but x-ray diffraction may have somewhat greater sen-
sitivity to small volume fractions and it requires no sample
thinning.

To our knowledge, these are the first experiments
which have examined the orientational quality of GaN
films in the film plane. On all of the films, the range of
orientation angles in the plane is 1.5 to 10 times larger than
along the film normal. In-plane misorientations between
domains may therefore be the more important in creating
domain boundary recombination sites due to broken
bonds.

It is noteworthy that the measured film lattice con-
stants in this work are all equal to accepted literature val-
ues to within experimental error. Since the lattice param-
eter is sensitive to the nitrogen concentration,?’ this implies
that the films' compositions are not too far off stoichiom-
etry. We have, however, observed significant variations in
GaN lattice parameters with varying growth temperature
which we attribute partly to the formation of large num-
bers of nitrogen vacancies.?® It is widely believed that such
nitrogen vacancies autodope films n type.! The agreement
between previously reported lattice constants and those ob-
served here also suggests that the interfacial strain in the
films relaxes on length scales significantly smalier than the
film thickness. Given the large mismatches present be-
tween substrate and film, this is not surprising. For GaN
on Si(111) and Si(001) substrates the lattice mismatch is
6=21%. As Figs. 7-9 show, however, films grown on sap-
phire orient themselves to match the bulk atomic positions
of the film and substrate and decrease the effective lattice
mismatch below the values for epitaxy on silicon. We note
that, in fact, the GaN films do not grow directly on the
sapphire substrate surfaces, but rather on very thin AIN
layers which grow during the substrate N, plasma cleaning
process.'> However, the AIN lattice constant is quite close
to that of GaN (3.11 vs 3.19 A) and our RHEED mea-
surements indicate that the AIN has the same orientation
as does the GaN film which grows on top of it. Unfortu-
nately, the detailed structure of the interface is unknown so
the importance of matching bulk atomic positions in the
early stages of film growth is unclear. Despite the reason-
ably good match of cation positions in the GaN films
grown on r-plane sapphire. the orientational spread in the
film plane is quite large. Clearly a better understanding of
the early growth kinetics and of the interfacial structure
would be quite helpful in explaining the epitaxial relation-
ship between film and substrate.

The dominant mechanisms causing the inhomoge-
neous strains measured in these materials is unclear. Since
the films appear to relax quickly to their bulk lattice pa-
rameter and are relatively thick, it is unlikely that ¢,, could
be dominated by misfit stresses from the substrate inter-
face. However, dislocations introduced to relieve the lattice
mismatch could create microstresses which would cause
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local variations in the lattice constant. While we know of
no experimental work relating the GaN band gap to the
lattice parameter, LCAO calculations suggest that the en-
ergy matrix elements V which determine the band gap vary
as the inverse square of the separation between atoms.’

Therefore 6V /V =258d/d, and a 1% inhomogeneous strain
would lead to approximately a 2% variation of the band
gap. This then could be a significant source of band tailing.
Nitrogen vacancies would presumably be the principal
mechanism contributing “stress-free” strain due to compo-
sition inhomogeneity. While a decrease in nitrogen stoichi-
ometry significantly decreases the wurtzite lattice
parameters,®’ we know of no quantitative data relating sto-
ichiometry and lattice constants which would allow us to
interpret the inhomogeneous strain in terms of nitrogen
deficiencies.

All of the films except those on Si(001) have domain
sizes aiong the surface normal which are larger than our
instrumental resolution. The very large stacking fault den-
sity in GaN films on Si(001) along with their large spread
of in- and out-of-plane orientation angles and relatively
large inhomogeneous strain suggest that, structurally,
these are the worst films overall. The very large spread of
in-plane ortentations in the films on r-plane sapphire also
implies that there are domain boundaries within the film
with a relatively large angle of mismatch. In terms of ori-
entation quality and domain size, then, the best films ap-
pear to be those which grow on their closed-packed planes.
The films on sapphire (0002) substrates are the best of
these, with relatively small in- and out-of-plane misorien-
tation and little secondary phase. Despite their orienta-
tional quality, however, it appears likely that stacking
faults are common in all of the GaN films. The impact of
stacking faults on carrier mobility is unclear. Away from
fault edges, their main effect will likely be to cause a local
variation in the band gap. At the fault edges, however,
bonds will be broken, producing deep states in the gap.
Clearly significant work is required in order to examine the
relationship between stacking fault density and electrical
properties and to develop approaches which minimize the
formation of faults in the growth process.
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We report electron-spin-resonance measurements on zinc-blende GaN. The observed resonance has
an isotropic g value of 1.9533+0.0008 independent of temperature, a Lorentzian line shape, and a
linewidth (18 G at 10 K) which depends on temperature. The spin-lattice relaxation time at 10 K was es-
timated to be T, =(612) X 10~ * sec. Using a five-band model a g value consistent with the experimental
results was obtained and a conduction-electron effective mass m* /m,=0.1540.01 was calculated. The
observed signal, together with conductivity data, was attributed to nonlocalized electrons in a band of

autodoping centers and in the conduction band.

I. INTRODUCTION

Gallium nitride is a wide-band-gap semiconductor
which is anticipated to find applications for optical de-
vices (light-emitting diodes, lasers, detectors) in the near
uv region of the electromagnetic spectrum and electronic
devices for high-power, high-frequency, and high-
temperature applications. GaN was found to exist in two
allotropic forms. The wurtzite structure is the thermo-
‘dynamically stable phase and has an optical gap of 3.5
eV,"? while the zinc-blende structure is a metastable
phase which can be formed by epitaxial stabilization®*
and has an optical gap of 3.2 eV.* In both cases the ma-
terial is found to be heavily autodoped n type, a result at-
tributed to nitrogen vacancies.”’ In general, the electron
concentration is in the range of 10'"-10%° cm ™.

In this paper we report electron-spin-resonance (ESR)
studies in autodoped n-type zinc-blende GaN thin films.
The data were correlated with electrical conductivity
measurements and from their analysis the nature of the
resonance was determined. The measured g value was
found to be in agreement with theoretical predictions
based on a five-band model k-p calculation. The same
calculation was also used to predict the electron effective
mass.

1I. EXPERIMENTAL RESULTS AND DISCUSSION

The GaN films were grown by electron-cyclotron-
resonance microwave plasma-assisted molecular-beam-
epitaxy (MBE). Epitaxial stabilization of the zinc-blende
structure was accomplished by using a two-temperature
step process on Si(100). In this process a 200- A GaN
buffer was grown at 400°C and the rest of the film, 4 um
thick, was grown at 600°C. Both heavily autodoped and
semi-insulating GaN films were fabricated and tnvestigat-
ed. Transport studies in these films® show that the con-
ductivity is dominated by the high-quality top layer rath-
er than by the GaN buffer. Details on the growth are
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given elsewhere.>* Structural studies (reflection high-
energy electron diffraction, electron diffraction, and x-ray
diffraction) show that the films are single crystals havmg
the zinc-blende structure with lattice constant 4.5 A.

To conduct optical, transport, and spin-resonance mea-
surements, self-standing GaN flakes were obtained by dis-
solving the Si substrate with a solution of HNO; and HF.
The optical gap of the films was determined by transmis-
sion measurements and found to be 3.2 eV.* The electri-
cal conductivity of one of the investigated films, deter-
mined by four probe measurements using sputtered Al
contacts, is shown as a function of 1/7T in Fig. 1. The
data fit the expression

o=o0exp( —¢,/kT)+o0expl—¢€;/kT) , (1

where the activation energies ¢, and €, are 25 and 0.5
meV, respectively.

Hall-effect measurements show that the films are n
type; however, we were unable to perform accurate mea-
surements of the carrier concentration on these self-
standing GaN flakes. Based on our studies of wurtzite
GaN films,® we anticipate that the investigated films have
room-temperature carrier concentration of the order of
10'7-10"® cm™3. The data of Fig. | are consistent with
transport in the conduction band at temperatures higher
than about 50 K and transport in a band of shallow
donors at lower temperatures.’

The nature of these shallow donors is still controver-
sial. They have been observed in GaN films produced by
various deposition methods and attributed by early work-
ers to nitrogen vacancies.® Our thin-film growth studies
support this hypothesis. Since our films are grown at
temperatures below the decomposition temperature of
GaN, their stoichiometry can be controlled by varving
the nitrogen overpressure during growth. At low active
nitrogen overpressure we find that the films arc n type
with carrier concentration between 10""-10*" cm™ '
Such films tend also 1o be decorated with gallium drop-
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FIG. 1. Conductivity of GaN as a function of 1000/T.

lets, a result which we attribute to phase separation of ex-
cess gallium, presumably due to the narrow existence
phase diagram of GaN. On the contrary, films produced
under high nitrogen overpressure have carrier concentra-
tion between 10'*-10' cm™* and their surface is free of
gallium droplets. This trend is consistent with the forma-
tion of nitrogen vacancies during growth and, if their
concentration is very high, some gallium is phase separat-
ed in order for the material to maintain the stoichiometry
allowed by its phase diagram. The samples investigated
in this paper were free of any gallium droplets. Addition-
ally, there is also theoretical support that the nitrogen va-
cancy in GaN is a shallow donor. Tight-binding calcula-
tions by Jenkins and Dow® have shown that the neutral
unrelaxed N vacancy is a shallow donor with its singly
occupied p-like level (T,) in the conduction band and its
doubly occupied s-like level ( 4,) in the band gap close to
the conduction-band edge. It is anticipated that lattice
relaxation should shift the singly occupied level in the en-
ergy gap.

ESR measurements were performed at different tem-
peratures in a Varian E9 spectrometer at 9.3 GHz, 100-
kHz modulation frequency, and 0.5~1.0-G modulation
amplitude. An a,a’-diphenyl-B-picrylhydrazyl reference
was used to evaluate the g value. Figure 2 shows the ESR
spectrum at 10 K of the same sample discussed in Fig. 1.
This resonance has an isotropic g value of 1.95331+0.0008
independent of temperature. The shape of the line is
Lorentzian and the peak-to-peak linewidth (AH,, =181 1
G at 10 K) has a temperature dependence shown in Fig.
3. The broadening of the line with the increase in tem-
perature prevented us from observing the resonance at
temperatures higher than 110 K. The temperature
dependence of the elcctron-paramagnetic-resonance
(EPR) intensity is shown in Fig. 4.

From the saturation behavior of the resonance we es-
timated a spin-lattice relaxation time, at 10 K, of
(6£2)X 107> sec. No ESR signal was observed in semi-
insulating GaN films.

To discuss the nature of the observed resonance we
should first rule out that such a signal is not due to either
plasma resonance or cyclotron resonance. Plasma reso-
nance is ruled out based on the prediction of Dresselhaus,
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Kip, and Kittel® that the resonance moves to lower mag-
netic field as the frequency is increased. To test this we
varied the microwave frequency in our experiment from
9.3 t0 9.5 GHz and observed that the resonance moved to
higher magnetic field instead. Electron cyclotron reso-
nance also is ruled out since, assuming an effective mass
similar to that of wurtzite GaN (m*/m;=0.2010.02)
{Ref. 10) the resonance should occur at a magnetic field
~5 times smaller than it was actually observed; more-
over, a mobility three orders of magnitude larger than the
value reported in similarly prepared GaN films® would be
required to obtain a distinctive signal in the X band.

The observed resonance is therefore refated to the ESR
signal whose origin is due either to deep localized defects
(intrinsic or impurities), or to delocalized electrons due to
the shallow donors discussed earlier. However, the tem-
perature dependence of the EPR intensity, shown in Fig.
4, does not follow the Curie-Weiss law suggesting that
the electrons responsible for the observed resonance are
not localized in deep defects. Additional arguments in
favor of this conclusion are the fack of hyperfine or
superhyperfine structure, expected for localized electrons
in intrinsic defects of III-V semiconductors, and the lack
of ESR signal i.a highly resistive films. The observed tem-
perature dependence of the resonance intensity is not
consistent with either a Curie or a Pauli paramagnetism.
We can only speculate that the observed intermediate re-
gime is related to the fact that the concentration of car-
riers in the band of the shaliow donors as well as in the
conduction band depend on temperature.

These findings, together with the conductivity data,
suggest that the observed EPR signal at temperatures less
than 50 K is due to delocalized electrons in the band of
the previously discussed shallow donors and at tempera-
tures higher than 50 K to electrons thermally activated
into the conduction band. The fact that we did not ob-
serve a change in the g value as a function of temperature
suggests that, to within the experimental accuracy, the g
value is the same in both bands.

It is interesting to compare our experimental resuit of
the electron g value with theoretical predictions based on
the five-band model k-p calculation'' ~'* and estimate the
electron effective mass. According to this model the g
value and the electron effective mass are given by the ex-
pressions

8 __ P %
g 3 | Eo(E,+4,)
4
(Ey—E NE)—E,—A))

2

| e

3E,+28,
EoEy+Ay)

mg _p?
m* k!
, ME,—E,) —24A,
(Ey—ENE,—E,—4p)

R

where A,=T,, —T,,.. 8=T,.—T5,., E, =Ty —Ty.and
according to Chadi, Clark, and Burnham'"’
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Hermann and Weisbuch'® presented an estimate of P’
based on simplified linear combination of atomic orbitals,
2
: _
Ptsl R
a’m

(1—ap)'?~5§

21-8%

(6)

»

where a, is the polarity and S is the overlap term'” and 9
is a best-fit parameter 7=(1.04£0.07)X10’.’* From
this expression, with @,=0.62 (Ref. 15) and $=0.5,"
one obtains for GaN PZ =28+2 eV. With the fol-
lowing values E,=3.2 eV, 4,=0.009-0.016 eV,'
A;=0.06-0.1 eV, E;=8.7£0.3 eV, 1=0.4," we
obtained g*=1.9510.01 in agreement with our experi-
mental result. The electron effective-mass calculation
yields a value of m*/my=0.15+0.01, a value close to
that measured experimentally for GaN films having the
waurtzite structure [m * /m,=0.2010.02 (Ref. 10)).

A brief comment on the utilized values for 4,, S, and
27 is necessary in order to put the previous calculation in
the right perspective. Since the number and orientation
of nearest and next-nearest neighbors are the same in the
wurtzite and in the zinc-blende structures, the value of
the spin-orbit splitting A, for zinc-blende GaN should
not be significantly different from the value evaluated for
the wurtzite structure. The latter is known'® and used in
our calculation. The overlap integral S and the parame-
ter A? depend primarily on the ionicity of the bond. GaN
is the most ionic of the III-V compounds; however, its
ionicity is close to the value for InP for which researchers
have used S =0.5 (Ref. 14) and A’=0.4."

The possible interaction mechanisms responsible for
the spin-lattice relaxation rates of conduction electrons
have been discussed by several authors.'*~2' As pointed
out by Yafet?' the dominant relaxation process, at least at
not too low temperatures where the spin-current interac-
tion should dominate, is the phonon modulation of the
spin-orbit coupling. This mechanism gives the following
spin-lattice relaxation rate:?!

2m*kT
ﬁZ

572

-1 2 D ' o

e ™ —_
€ 71'3/2ﬁ pu;‘

where p is the density, u the sound velocity, and, for a po-
lar semiconductor, D~ Cf8g(#’/am*E,) with C being
the deformation potential, f the relative strength of the
crystal potential that is odd under inversion, dg the g
shift, a a parameter of the order of the lattice constant,
and E, the optical gap. Using values appropriate to cu-
bic GaN [p=6.1 gem ™, ¥=6.9%X10’ msec” ', C~13
eV, f=1 (Ref. 11)] we fua 1, ~9X 10" sec at 10 K
in general agreement wi h our experimental result.

In the effort to qualitatively account for the data of
Fig. 3 we need to discuss spin-spin relaxation mecha-
misms which determine 7,. and thus the magnitude of
the linewidth AH, .. The analysis of the matrix elements
which contribute to T,.'. for the relaxation mechanism

_
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previously discussed, show the same k and q dependence
as the matrix elements used for T,.'. Therefore, T, and
T,. have the same temperature dependence.’' However
Eq. (7) would predict a difference in the linewidths at 10
and 100 K by a factor =300, in contrast with the experi-
mental results of Fig. 4. We believe that this disagree-
ment 1s due to the fact that additional spin-spin relaxa-
tion mechanisms set in at low temperatures. One
relevant relaxation mechanism at low temperatures is the
hopping of electrons from one site to another. Such a
process was observed to be the dominant line-broadening
mechanism at low temperatures in heavily doped n-type
silicon.?* Our conductivity data have indicated hopping
conduction, in the investigated sample at temperatures
below 50 K, with an activation energy €,=0.5 meV due
to overlap of the shallow donor wave functions and the
presence of compensating defects.’ In the case of hop-
ping motion of electrons, the linewidth is inversely pro-
portional to the probability p of the phonon-assisted tran-
sition from one center to another, AH,, «1/p. This
probability depends on temperature as”**

l |

P lexp -—I] . (8)

€3
kT

Therefore, at low temperatures, where hopping is the
dominant broadening mechanism, one should observe an
increase in the linewidth as the temperature decreases, as
perhaps suggested by our experimental point at 5 K.
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III. CONCLUSIONS

In conclusion, we reported the observation of an elec-
tron spin resonance in zinc-blende gallium nitride thin
films produced by the electron-cyclotron-resonance
microwave-plasma-assisted MBE method. The EPR sig-
nal was attributed to electrons predominantly in the band
of autodoping centers /N vacancies) at low temperatures
and in the conduction band at higher temperatures.
The electron g value was found to be 1.953310.0008.
Using a five-band model and appropriate parameters for
GaN a g value g*=1.9510.01 in agreement with the
experimental value was obtained and an effective mass
m*/my,=0.15+0.01 was calculated.

From the saturation behavior of the resonance line a
spin-lattice relaxation time of the order of 1073 sec at 10
K was estimated in general agreement with the theoreti-
cal value predicted considering the phonon modulation of
the spin-orbit interaction as the relaxation mechanism.
The temperature dependence of the resonance linewidth
was semiqualitatively accounted considering, besides the
phonon modulation of the spin-orbit interaction, the hop-
ping process at low temperature as an additional spin-
spin relaxation mechanism.
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Intensity dependence of photoluminescence in GaN thin films

R. Singh, R. J. Molnar, M. S. Unii, and T. D. Moustakas
Molecular Beam Epitaxy Laboratory, Department of Electrical, Computer, and Systems Engineering,

Boston University, Boston, Massachusetts 02215

- (Received 30 August 1993; accepted for publication 15 November 1993)

We report the intensity dependence of band-gap and midgap photoluminescence in GaN films grown

ty electron cyclotron resonance (ECR) microwave plasma-assisted molecular beam epiiaxy. We find
that the band-gap luminescence depends linearly while the midgap luminescence has a nonlinear

dependence on the incident light intensity. These data were compared with a simple recombination
model which assumes a density of recombination centers 2.2 eV below the conduction band edge.
The concentration of these centers is higher in films grown at higher microwave power in the ECR

plasma.

Gallium nitride (GaN) is a wide direct band-gap semi-
conductor (E,=3.4 eV at 300 K), which is currently being
investigated in many laboratories for its potential in optical
devices (light emitting diodes, lasers, detectors) operating in
the blue-violet ultraviolet part of the electromagnetic
spectrum.’ The performance and reliability of such devices
depends critically on the type and concentration of electronic
defects, whose origin is the heteroepitaxial growth (misfit
dislocations and polarity related defects), the formation of
native defects (vacancies, interstitials, and antisite defects)
and the incorporation of intentional and unintentional impu-
rities.

Defects in semiconductors can be studied by a variety of
techniques, principal among which is photoluminescence

" (PL), a method which has been used extensively for the
study of GaN films.>® Photoluminescence spectra of un-
doped GaN films generally show a sharp peak close to the

" energy gap of the semiconductor, attributed to excitons

bound to shallow donors’ and a broader peak centered
around 2.2 eV.** Various models have been advanced to ac-
count for the high shallow donor concentration in uninten-
tionally doped GaN. The prevailing view is that the donors
are due to nitrogen vacancies® although there is some evi-
dence that oxygen impurities can also act as substitutional
donors.” The broad yellow luminescence was attributed to
electron transitions from the conduction band to a band of
deep acceptor states placed 860 meV above the valence band
edge.” These authors presented arguments that such states are
introduced by carbon impurities in the films while Pankove
et al.,* who observed the same photoluminescence band in
ion implanted GaN samples, attributed the deep states to ion
implantation processes. In general, the existence and magni-
tude of the yellow luminescence is associated with defective
GaN films and the ratio of the yellow luminescence peak to
band-gap luminescence was employed as a criterion of the
carbon doping effects on the films® or the ion implantation
related damage.*

In this letter, we investigated the excitation intensity de-
pendence of PL from undoped GaN films and found that the
band-gap luminescence depends linearly while the yellow
luminescence has a nonlinear dependence on the light inten-
sity. Thus the use of the ratio of yellow to band-gap lumi-
nescence as a criterion of the quality of the GaN films is
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meaningless unless one specifies the magnitude of the em-
ployed excitation light intensity. A simple recombination
model has been proposed to qualitatively account for the
observed light intensity dependence of the two luminescence
bands.

The GaN films used in this study were grown by the
electron cyclotron resonance microwave plasma-assisted mo-
lecular beam epitaxy (ECR-MBE), which was described in
detail in a number of recent papers.>!® Here. we present only
a brief description of the growth process. All the films were
deposited on (0001) sapphire substrates, whose surface after
chemical cleaning and thermal outgassing, is converted to
AIN by exposing it to an ECR activated nitrogen plasma.’
The films were deposited by the two-step growth process in
which a GaN buffer of about 300 / thick is deposited at
500 °C and the rest of the film, 1 to 2 um thick, is deposited
at 800 °C. This two-step growth method was found to lead to
a low two-dimensional nucleation rate and a high lateral
growth rate leading to films with relatively smooth surface
morphology.”'” Power in the ECR discharge was the main
variable during the growth of the films reported in this letter.
More specifically type 1 samples were grown at a total mi-
crowave power of 20 W while type Il samples were grown at
35 W. The transport coefficients of two representative
samples are shown in Table 1.

The photoluminescence was excited by a pulsed N, laser
as the excitation source. The laser has a photon energy of
3.678 €V (337.1 nm), pulse, width of 10 ns, repetition rate of
40 Hz and a listed peak power of 250 kW. A circular aperture
was used in front of the rectangular collimated beam and the
resulting output was focused on the sample using a lens. A
set of neutral density filters was used to attenuate the inci-
dent laser intensity for studying the excitation dependence of
PL from the sample. The sample was held on a cold finger
with a colloidal suspension of graphite which also acts as a

TABLE I. Typical values for the room temperature carrier concentration and
mobility for representative type I and type Il samples.

Power Carrier conc. Mobility
Sample W) (em Y fem'Vv 's h
Type | 20 1.0x 10" 50
Type 11 s 1.90% 10" 138

© 1994 American Institute of Physics
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FIG. 1. PL spectra from a type | sample.

good heat conductor, hence preventing the sample from be-
ing heated by the laser. PL was collected by a lens and fo-
cused on the entrance slits of a 0.25-m grating spectrometer,
A Hamamatsu photomultiplier (R-928) was used as the de-
tector and its output was read by a lock-in amplifier. The
spectra were not corrected for the spectral response of the
system.

Figure 1 shows the photoluminescence spectrum at 77 K
for a type I GaN sample. This spectrum shows only the band-
gap luminescence at 3.47 eV. At the maximum excitation
intensity we see no evidence of yellow luminescence, sug-
gesting that the concentration of midgap defects is very low.
The band-gap luminescence was found to vary lincarly with
light intensity over two orders of magnitude, a result consis-
tent with excitonic recombination. "'

The photoluminescence spectra of a type II GaN sample
measured at 100% and 1% of the incident laser light is
shown in Fig. 2. It is apparent from these data that charac-
terizing the quality of the material by the ratio of the mag-
nitude of the band-gap luminescence to the midgap lumines-
cence is not correct, since the ratio depends on the excitation
intensity. Thus, it is quite important to take the excitation
intensity into account when analyzing any PL spectra for this
material.

Figure 3 illustrates the intensity dependence of the band-
gap and midgap luminescence peaks of the type I uaN
sample. The band-gap luminescence depends linearly on
light intensity as for type | samples. However, the midgap
luminescence was found to have a light intensity dependence

100% Intensity-
1% Intensity—

Intensity (arb. units)

2 22 24 286 28 3 32 34
Energy (eV)
FIG 20 PLospectra trom tvpe D samples at two different exantation leveds
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FIG. 3. Plot of the PL intensity vs the percentage excitation for the band-gap
and midgap luminescence.

as shown in the figure. It initially increases with light inten-
sity at low excitation levels and then tends to saturate as the
excitation intensity is increased further.

The observed dependence on light intensity can be quali-
tatively accounted for in the simple recombination model
illustrated in Fig. 4. We assume that the states responsible for
the yellow luminescence form a broad band of a total density
N imax- Shown in the figure are also the lifetimes for the vari-
ous recombination paths and the densities N| and N, of the
occupied staics in the defect and conduction bands. respec-
tively. If G (cm s ™!) is the generation rate then the rate of
change of N, and N, are given by the equations

dN, N, N, 1)
, = (
dt T Ty (B YR T

Under steady-state conditions, i.e.. when the recombina-
tion lifctimes are smaller or comparable to the duration of
the excitation pulse, Egs. (1) become

N, N, N, N,
G=—+—, —=—, 2)
Ty T2 ™ Ty

The band-gap luminescence (/,,,,) and the midgap lumi-
nescence (/,,) are given by the expressions:

N2

G .

Ny

FIG. 4 Schematic of the proposed tecombimation modet
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We assume that the recombination lifetimes 7 and 7
are constants while 7,; depends on light intensity. More spe-
cifically the value of 5, can be expressed in terms of the low
light intensity recombination lifetime 7}, as'’

"= Nlmax TI (4)

- Nlmax‘NI 2

From Egs. (3) and (4) we get
GNlmaxTél

Lpap™ ; ,
B NimaxT21 H (Nimax = Ny 729

G 10(N ymax— Ny) o)

x
vel r .
’ NlmaxT2l+72(i(Nlmax—Nl)

Case I: Low light intensity, i.e., N\ <N ..
G5,

I I (; T
X ——— ]
B gt Ty el

—_— 6
Tt Ty ©
Hence, in this case the yellow and the band-gap lumi-
nescence increase proportionally to the incident light inten-
sity.
Case ll: High light intensity. i.e., N =N .., the first of

Eqgs. (5) gives
Ly G- (7a)

On the other hand, the yellow luminescence is governed
by the recombination time. 7. Thus from Eqs. (2} and (3).

Nlmax

T

RS — Const. (7b)
Equations (6) and (7) account qualitatively for the experi-

mental results for Fig. 3.
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Although this model does not take into account the
change in the number of traps and recombination centers due
to the shift in the quasi-Fermi levels as excitation intensity is
changed,'? it is sufficient to explain the saturation of the
yellow PL from GaN. It would help further to have informa-
tion about the recombination lifetimes of carriers to compute
the exact number of midgap states.

In conclusion, we have determined the light intensity
dependence of the band-gap and midgap luminescence in
GaN films grown by electron cyclotron resonance assisted
molecular beam epitaxy. As expected the band-gap lumines-
cence varies linearly with the light intensity but the midgap
luminescence initially increases and then saturates at higher
light intensities. The data show the importance of relating
1/l gy to the generation rate employed during the measure-
ment for the purposes of comparing samples on the basis of
PL spectra. It further illustrates that samples grown at higher
microwave power have higher concentration of midgap de-
fects, which accounts for the observed compensation in the
transport cocfficients.
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The microstructures of GaN films, grown on (001) and (111) Si substrates by a
two-step method using Electron Cyclotron Resonance assisted—Molecular Beam Epitaxy
(ECR-MBE), were studied by electron microscopy techniques. Films grown on (001)

Si had a predominantly zinc-blende structure. The GaN buffer layer, grown in the first
deposition step, accommodated the 17% lattice mismatch between the film and substrate
by a combination of misoriented domains and misfit dislocations. Beyond the buffer
layer, the film consisted of highly oriented domains separated by inversion domain
boundaries, with a substantial decrease in the defect density away from the interface. The
majority of defects in the film were stacking faults, microtwins, and localized regions
having the wurtzite structure. The structure of the GaN films grown on (111) Si was
found to be primarily wurtzite, with a substantial fraction of twinned zinc-blende phase.
Occasional wurtzite grains, misoriented by a 30° twist along the [0001] axis, were also
observed. A substantial diffusion of Si was seen in films grown on both substrates.

I, INTRODUCTION

GaN films are currently being investigated in a
number of laboratories because of their potential for
applications in optoelectronic devices as well as high
temperature and high frequency electronics.! These
applications require the successful growth of high-
quality crystals of GaN which can be intentionally
doped n- and p-type.

Due to the lack of a native substrate, GaN has been
grown heteroepitaxially on a variety of substrates by a
number of vapor-phase methods.>* Heteroepitaxy has
been used successfully for the growth of semiconducting
films for optoelectronic applications. A common exam-
ple is GaAs on Si, in which the potential problems of
misfit dislocations due to a 4% difference in the lattice
parameters of the two cubic unit cells, as well as presence
of anti-phase disorder due to the growth of a polar
film on a nonpolar substrate, have been successfully
addressed.’

The growth of GaN on Si, however, presents ad-
ditional challenges. Unlike GaAs, which exists only
ii the cubic zinc-blende structure, GaN exists in two
allotropic structures, wurtzite (&) and zinc blende (B).
The majority of work on the growth of GaN has been
reported on sapphire substrates, where GaN is grown in
its thermodynamically stable wurtzite phase. However,

2370 J. Mater. Res., Vol. 9, No. 9, Sep 1994

there is a motivation to grow the zinc-blende structure,
since cubic structures of the III-V compounds have been
more readily doped both n- and p-type.® Heteroepitaxial
stabilization of B8-GaN on substrates with cubic sym-
metry, ie., B-SiC,’ (001) MgO,? and (001) GaAs,’
have been previously reported. This present study was
undertaken to explore ways to heteroepitaxially grow
GaN on Si, which is a much more technologically
important substrate. The growth of S—GaN on Si is
extremely challenging, since there is a huge difference
of 17% in lattice parameters of the two cubic structures
(asi = 543 A, ag.can = 452 A).1® Before this study,
all efforts to grow B8—GaN on Si led to amorphous or
polycrystalline films.!!

In this paper, we report a comprehensive TEM study
of the microstructures of GaN films on (001) and (111)
Si substrates, deposited by the Electron Cyclotron Reso-
nance assisted—Molecular Beam Epitaxy (ECR-MBE)
method. A comprehensive x-ray diffraction study of both
films, as well as a preliminary TEM study of the films
on (001) Si, have recently been reported elsewhere.!®!2

Il. EXPERIMENTAL DETAILS

The details of the thin-film growth have been re-
ported elsewhere.*'? Briefly, the GaN films were grown
on p-type (001) and (111) Si substrates by the ECR-MBE

© 1994 Materials Research Society
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- method. using a Varian Gen-1l MBE unit with an AsTeX
model-1000 ECR source. Gallium was evaporated using
a conventional Knudsen effusion cell, while molecular
nitrogen was passed through the ECR source to produce
atomic and ionic nitrogen. The films were deposited in
two steps. which separated the nucleation and growth
processes. Initiallv, a 30 nm buffer layer of GaN was
deposited at 400 °C, followed by the deposition of the
rest of the film at 600 °C. The deposition rate of GaN
was around 250 nm/h.

The surface morphology of the films was examined
using a JEOL JSM 6100 scanning electron microscope
(SEM) equipped with a Kevex detector with a Be
window for energy dispersive x-ray spectroscopy (EDS).
The samples were also examined in plan view and cross
section using a Phillips CM-30ST transmission electron
microscope (TEM) having a point-to-point resolution
of 0.19 nm at 300 kV acceleration voltage, as well as
an Akashi EM 002B microscope with a point-to-point
resolution of 0.18 nm at 200 kV acceleration voltage.
The plan-view samples were thinned to perforation from
the substrate side only. leading to TEM observations
of the top regions of the films. Compositional analysis
of thr film< was carried out using a VG HBS dedicated
scanning transmission electron microscope (STEM) at
100 kV with a 1 nm electron beam probe, using a Link
EDS svstem with a windowless detector.

Ill. RESULTS AND DISCUSSION
A. GaN films on (001) Si

Figure H(a) is a SEM micrograph of the surface ot
a 2 pm thick GaN film grown on (001) Si showing
a tile-like morphology. It has been previously reported
that the edges of the tles are oriented along the (110)
directions. presumably because of the lower surface
energy of {110} surfaces due to a smaller density of
broken bonds." Figure 2(a) shows a bright-field TEM
micrograph of the film in cross section. The buffer laver
is marked in the figure. [t appears that the film has a
columnar morphology. However. the diffraction pattern
of the film and substrate. shown in Fig. 2(b), confirms
the epitaxial growth of GaN in the zine-blende structure,
in spite of the substantial lattice mismatch of 17%. The
film actually consists of highly oriented domains. The
diffraction pattern also confirms that the structure is
cubic (zinc-blende). Although the wurtzite phase of GaN
has a tower energy. the zine-blende structure is stabilized
by the cubic symmetry of the substrate surface. The
lattice parameter of GaN was measured to be 4.5 A. in
agreement with previous reports. !

Another interesting feature is the presence of pits in
the Si at the Si/GaN buffer interface. one of which i
marked by an arrow in Fig. 2(a) These pits are crys-
tallographic. with the side walls corresponding to {111}

J Mater Res . vol

FI1G. 1. SEM micrographs of the surface of GaN film deposited on
(a) (0D Si and (b (111) Si.

planes. STEM anulysis showed that the pits contained
GaN. indicating that these are etch pits probably formed
during the cleaning process. which got filled up during
film deposition.

Figure 2(a) shows that certain domains are highly
faulted while others are relatively fault free. The faults
also lead to streaking in the diffraction pattern perpendic-
ular to the fault planes. Figure 3 is a higher magnification
micrograph showing two domains (marked as A and B).
While A is faulted throughout the thickness of the film.
B is relatively tault free. The onigin of the difference in
fault densities of the domains is not currently understood.
The two domains are separated by a boundary marked by
arrows. Such boundaries have been previously reported
in similar zinc-blende structures and have been idenu-
tied as inversion domain boundaries (IDB)."*"° These
boundaries arise during impingement of two nuclei with
different interface termination (ie.. a Ga and N laver.
respectively). leading to bonding between like atoms
across the boundarv. Thus, the tile-like morphology .
evident in Fig. 1{a). consists of highly oriented domains
separated by {110} inversion domain boundarnies.

In general, the domuns are highly favlted near
the interface. with the fault densiny decreasing awan
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FIG. 20 (@) Bright-field TEM micrograph of GaN film grown on (tifi])
Stin cross section. The GaN butfer Taver as well as the presonce

s an the S1are marked inthe ngures (by Diffraction pattern of the

ot

mterfuce showing the epitasial onentation ot zinc-blende GaN on
iy Si

tfrom the interface. Figure 4 is a high resolution TEM
micrograph of an upper region of a domain showing
the various tvpes of faults in the film. The majority a1
the faults away from the interface is along the {111}
planes and can be identificd as stacking faults (muarked
45 S), microtwins (marked as T) and hexagonal regions
imarked us I Such faults are known to occur in oo
materials having a low stacking fault energv.'® Since
there is evidence that the cobesive energies of the
two polvmorphs of GaN are comparable, the tormation
encrey of the stacking taults in this matenial should
be small.’” 1t has been previously sucgested that the
wurtzite structure s nucleated preferentiadly at stacking
faults and twin boundaries of the zine-blende structure
in ostructural InN-Y and S1C

Figure 5 1s a high resolution FEM micrograph ot
the butfer region in cross section. The tivure shows the
butter laver to be fighiv faulted and polversstalline,
which s expected due 1o the Turge Lattice nmsmateh id
lower growth temperitare. It should be noted that ihe
thickness of the butter faver (30 nm) s much larees
than the crneal thickness for stram Liver epitaxy, Thoe,
the butfer s expected o be tiehlv detectine and tiee

of stean The anset dittoaction: pattern shows fovtuane

SRR IS

t1G 2 Bright-field TEM micrograph of GaN alm grown onn sy

nocross section, showeng o domuans marked oo A snd Bloseparaied

Svoan amversion dormain boundass hed Dy oarrows

ifong the [001] dircction with a substantial number of
misoriented grans. The grains in the butfer faver also
:xhibit a substantially lareer density of stacking fauls,
leading to localized regions of wurtzite siructure (marked
as HY und twins tmarked as 1) 1o Figo 50 The interface
hetween the buffer faver and the Siosubstrate appears w0
e disordered. This has been reported previoushy ™ and
can be attributed to g combination of damave during
speamen preparation and a lereer amount ot disorder
ansing from the relatively larze mismatch between the
o latniees, The imtertacial structure is viable inselect
arcass one of whichy marked by g arcle i bies 300
~hown at a higher maemiticanon. Periodic mtertactad
st distocations can be clearly identified i the figure.
It thus appears that the musiit s accommodated in the
butter luver by a combination of nusorented grams and
misfit disfocations,

The misortented grans inthe butfer Liver are vat ott
by the ontented (001 domuns away tfrom the mtetace.
As moexample, one misonented srain marked os N
Froo S0y close tosthe (1 nentation, Suce the ol h
cram aroms slower than the con0y domans, s bened m

theomtertace reston dunme ey 2rowth Broie ey

s
~hows that the Glm deposited mothe second staee bove
the butter Laver o hiehiy cnented, with a0 ~abstnnal

(RS R

decrease an the tault deasar
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FIG. 4. High resolunon TEM mucrograph of the upper region of GaN film grown on (001) Si. showing a stackiry fau

Comarked 4 S,

a microtwin. marked as T: and o hexagonal wunzite region. marked as H.

Compositional analysis of the tilm in cross section,
using a | nm probe in the STEM. showed a substan-
tial concentration ot Si within the GaN film. Figure 6
shows a composition profile of Si in the GaN film as
a function of distance from the interface. Although. 10
our knowledge. the solubility of Si in cubic GaN has not
been studied. it is well known that the solubility of St in
isostructural GaAs is smalt (~0.5 at.7).7""" However,
metastable sofid solutions of much larger concentrations
of Si in GaAs have been achieved by ion bombardment.™!
Figure 6 shows that the St concentration drops sharply
in the bufter laver (from 4.2 at. ¢ at 10 nm from the
interface to 087 at.7 at 30 nm trom the imerface).
tollowed by a much more gradual decrease in the protile
tarther into the GaN film. This suggests that the larger
concentrations off Si close to the substrate are due to
irradiation-assisted mixing due to hombardment of N
atoms and ions produced by the ECR source. tollowed by
a combination of thermal and trradiation-assisted diftu-
sion tarther awav from the interface. Further experiments
are underway to study this phenomenon in more detail. T
can be conjectured that the relativety high concentration
of detects (such as domatin boundunes) in the ilm will
enhance diffusivity of Sic However, no enrichment ot Se
at the doman boundaries was found (compared to the
mterior of the domainsy 1o support thes clinm.

Ttis interesung to note that in GaN, S can substitute
tor Ga as a donor and for Noas an acceptor. However.,
a4 companison ot the atomic size fradius of 117 A tor
Res

;5 Mater vel

B

Si. 1.26 A for Ga. and 0.7 A for N) suggests the Si
will substitute for Ga in the film. This s supported
by the electrical properties of these tims. which were
evaluated by dissolving the Siosubstrates and studving
the transport coetticient of the GaN tlukes by Hall effect
measurements. [t was tound that electrical transport in
these flms was dominated by shaffow donor states,
approximately 25 meV below the conducnion band.~
consistent with the presence of Stoat G sites in the
film. Additionallv. the heterojunction beraeen GaN and
Si was also investigated® ™ and good recurication was ob-
served. indicating that the films had reasonable electrical
properties. in spite ot the farge defect denaty absened.

There s clearh a need to turther Jecrease the
defect density in the tilms. One possible sy to achieve
this could be by increasing the ECR pewer during the
scecond stage of growth, wathout chuneme the substrate
temperature. This would provide hetter mobtlity to the
surface atoms for them to move o correct sites without
enhuncing thermal dittusion ot S1ointo the filme. Also.
preliminary work has indicated that cither o reduction
in the N pressure during growth or the use ot an
n-type Si substrate feads to much smoother films. ™ This
is currently being investizated.

B. GaN films on (111) Si

Fioure 1(h) sbows the surface ot 1!
film grown on (111 S

wm thick GaN
The tle-like me monolooy ot the

No 9 Sep 1994
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S oot

GaNofilm on (001) Stoas no donger evident Froure
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FIG. 6. Compusition profile of Si (measured as a ratio of Si atoms to
Ga plus Si atoms) in GaN films grown on (001) and (111) Si.

that of cubic GaN is 3.2 eV."" The incorporation of
25% of the zinc-blende phase in the wurtzite structure
should affect the optical gap as well as the transport and
recombination phenomena in these films. Figure 9 shows
that the zinc-blende phase appears to be concentrated
within certain domains and not randomly distributed
throughout the film.

Figure 10(a) is a bright-field micrograph of the GaN
film grown on (111) Si in cross section. The figure
also shows the columnar morphology of the domains,
Figure 10(b) shows the diffraction pattern obtained from
the film and substrate. Figure 10(c) shows the indexed
pattern (except for some double diffraction spots) show-
ing the presence of the wurtzite (marked as H) and

FIG 7. Plan-view bright-ficld TEM micrograph of GaN film grown
on (111) Sishowing the presence of domains. Some grains with
stacking faults are marked as F by arrows, indicating the presence of
the cubie phase The diffraction pattern shows that the film iy highty
oriented and has o hexagonal symmetry common to the (DD02) and
(111 planes of wurtzite and Zinc-blende structures

J Mater Res. Vol 9 No 9 Sep 1994

FIG. 8. High resolution TEM micrograph of an inversion domain
boundary in the GaN film on (111) Si, caused by different interface
terminations, leading to a ¢/8 displacement between basal planes of
adjucent domains.

zinc-blende (marked as C) phases, as well as the twinned
variant of the cubic zinc-blende structure (marked as T).
The oricntation relationships as seen from the diffraction
pattern are as follows:

(DS |l (111 B~GaN || (0002)a-GaN  and
[T10]si )| [110)B-GaN |} [1120]a-GaN .

This ornientation allows the alignment of the closest-
packed planes and directions of all three phases. The
presence of a substantial fraction of zinc-blende structure
is not surprising duc to the identical symmetry of the
(00V2) and (111) planes in the wurtzite and zinc-blende
structures, tespectively, along with the small difference
in the cohesive energy of the two polytypes.
Compositional analysis of this GaN film by STEM
also indicated a substantial concentration of Si, as seen

FIG 9 Dark-fietd TEM micrograph of GaN film grown on (1113 S
using 3 cubie reflechion, highlighting the zine-blende phase an the
material
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FIG. 10. (a) Bright-ficld TEM micrograph of GaN film grown on
(111) Si in cross section, showing columnar morphology of the do-
mains. (b) Diffraction pattern of the interface. (¢) Indexed diffraction
pattern showing presence of wurtzite phase (H) as well as zinc-blende

phase (C) that is winned (T), along with the refleciions from the Si
substrate (Si).
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in Fig. 6. Although the shape of the profile is similar to
that on the film grown on (001) Si, the Si concentrations
for this film are lower, consistent with the fact that the
processing time was lower [4 h for the films on (111) Si
versus 8 h for the films on (001) Si] for this film.

Another interesting feature of these films was the
presence of occasional wurtzite grains that were mis-
oriented by a 30° twist along the [0001] axis with
the rest of the wurtzite grains. Figures 11(a) and 11(b)
show a bright-field TEM micrograph of such a grain
and the corresponding diffraction pattern. Figure 11(c)
is a dark-field micrograph highlighting the misoriented
grain. Figure 12 shows the atomic positions at an un-
reconstructed interface between the misoriented GaN
grain and the (111) Si substrate. The coincident (or near
coincident) atomic positions are marked by circles. The
figure shows that every fourth N (or Ga) atom is in
position 1o directly bond with every third Si atom at the
interface. This boundary would thus have a lower energy
than a random boundary and could explain the presence
of these misoriented GaN grains. This is an example of
a near coincidence boundary between two phases, dis-
cussed by Balluffi et al.,”® where Sy (=4) # Zg (=3),
due to the difference in the planar atomic densities of
the two phases. A hexagonal supercell formed between
the two phases is marked by bold lines in the figure and
has a lattice parameter of 6.5 A.

IV. CONCLUSIONS

The microstructures of GaN films, grown by a two-
step method using ECR-MBE on (001) and (111) Si,
was studied using electron microscopy techniques. The
structure of films grown on (001) Si was found to be
predominantly zinc-blende. The GaN buffer layer, grown
in the first deposition step, was found to be highly faulted
and accommodated the strain due to lattice mismatch
between the substrate and film by a combination of
misoriented domains and misfit dislocations. Beyond the
buffer layer, the film consisted of highly oriented do-
mains separated by inversion domain boundaries. There
was a substantial decrease in the defect density away
from the interface, with the majority being defects in
the stacking sequence along the {111} planes, leading to
stacking faults, microtwins, and localized regions having
the wurtzite structure.

The structure of the GaN films grown on (111) Si
was found to be primarily wurtzite. However, a substan-
tial fraction of twinned zinc-blende structure was also
identified in the films. The rest of the film consisted of
highly oriented wurtzite domains separated by inversion
domain and stacking faults. Occasional wurtzite grains,

misoriented by a 30° twist along the [0001] axis, were
also observed in the film.

J. Mater. Res.. Vol. 9, No. 9, Sep 1994
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FIG. 11. (a) Bright-field TEM micrograph of a wuntzite grain in GaN
film grown on (111) Si. (b) Selected .a'rca diffraction pattern, showing
a 30° twist about the (0001) axis with respect to the surrounding
grains. (c) Dark-field micrograph highlighting the misoriented grain.

A substantial concentration of Si was found in both
GaN films, especially in the buffer layer. This is an
important issue, since it leads to unintentional doping
cf the film. It is suggested that during the growth of the
buffer layer, the microwave power of the ECR source
be reduced to minimize irradiation-assisted mixing of Si
from the substrate. During the growth of the film, the

e- N (or Ga) on (0001) GaN
o- Sion(111)Si

FIG. 12. Interfacial structure of the misoriented GaN grain/Si sub-
strate. The coincident or near-coincident atomic positions at the
interface are marked by circles. A hexagonal supercell with a lattice
parameter of 6.5 A is also marked by bold lines in the figure.

ECR power should be increased to reduce the defect
concentration in the film.
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ABSTRACT

A comparative study of the effects of hydrogen in n-type (unintentionally and Si-doped) as
well as p-type (Mg-doped) MBE-grown GaN is presented. Hydrogenation above 500°C reduces
the hole concentration at room temperature in the p-type material by one order of magnitude.
Three different microscopic effects of hydrogen are suggested: Passivation of deep defects and of
Mg-acceptors due to formation of hydrogen-related complexes and the introduction of a hydrogen-
related donor state 100 meV below the conduction band edge.

INTRODUCTION

The effects of hydrogen on the electronic and vibrational properties of various semiconductors
have been studied extensively [1]. In elemental semiconductors, one observes, e.g., the passivation
of deep defects (dangling bonds) in amorphous silicon, resulting in a decrease of the subgap ab-
sorption, or the passivation of dopant atoms such as boron or phosphorous, resulting in a decrease
of the carrier concentration. In recent years, these studies have been extended to compound semi-
conductors, but have been mostly restricted to the GaAs/AlAs system and InP. With respect to
the possible effects of hydrogen wide-bandgap III-V and II- VI semiconductors like GaN and ZnSe
have only recently received attention. This interest has been triggered by an intriguing difficulty
to achieve p-type doping in films grown with one particular growth technique. In both the II-VI
and III-V systems it is found that metal-organic chemical vapor deposition (MOCVD) is unable
to produce p-type material, while molecular-beam epitaxy appears to easily grow p-type samples.
This behaviour has been linked to the presence of hydrogen in the gas phase during MOCVD
growth, which might lead to the formation of acceptor-hydrogen complexes. Indeed, in the case
of N-doped p-type ZnSe, the observation of N-H local vibrational modes in MOCVD material
strongly supports this assumption {2].

In this contribution, we report on continuing studies of the eflects of hydrogen in both n-
type (unintentionally doped, sometimes called autodoped. and Si-doped) and p-type {Mz-doped)
GaN. In p-type samples grown by MOCVD, acceptor dopants have to be activated by either a
low-energy electron beam irradiation or by a thermal annealing step [3]. Again, the formation
of accceptor-hydrogen complexes under the abundant presence of hydrogen has been suggested
as the origin for the necessit; of a post-growth process. Ve therefore use MBE-grown GaN and

deliberately introduce hydrogen by remote-plasma hydrogenation to study the effects of hydrogen
in this I11-V compound.

SAMPLE GROWTH AND ANALYTICAL PROCEEDURES

Waurtzite GaN epilayers were grown on (0001) sapphire substrazes by ECR-assisted MBE [4].
Gallium and the dopant elements (Mg and, for intentional n-type doping, Si) were evaporated

31
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from conventional Knudsen cells, while nitrogen radicals were produced by passing molecular
nitrogen through an ECR source at a pressure of 10~* Torr. A microwave power of 35 W or
higher was used for the growth of semi-insulating GaN films. Prior to the growth of the GaN
epilayer, the substrates were exposed to the N-plasma for 30 min to form an AIN layer. A
further GaN buffer layer was then grown at 500°C followed by the high-temperature growth of
the actual film at 800°C at a growth rate of 200-230 nm/hr. Hydrogenation was performed with
a remote microwave plasma operating at 2 Torr. This technique excludes effects due to charged
particle bombardment of the sample or its illumination from the plasma. A high temperature
sample holder allowed hydrogenation at temperatures up to 675°C. The films were electrically
characterized in a standard Hall-effect apparatus, with the samples abrasively etched into a clover-
leaf shape. For ohmic contacts Au was deposited on p-type GaN and Al on n-type material. Depth
profiles were determined from secondary ion mass spectroscopy (SIMS), with a Cst primary
ion beam for the detection of hydrogen/deuterium and Si and an O~ primary beam for Mg.
Calibration of the SIMS data was achieved with Mg and deuterium-implanted GaN reference
samples. To increase the sensitivity, the GaN samples for SIMS were treated with a plasma
containing deuterium instead of hydrogen. The photoluminescence measurements were performed
with a pulsed N laser as the excitation source (3.678 eV).

RESULTS

Figure 1 shows the carrier concentration at room temperzature for three differently doped sam-
ples subjected to isochronal (1hr) hydrogenzation. The n-type samples are completely uneffected
by the hydrogenation, however the p-type sample shows a significant decrease in the hole concen-
tration after hydrogenation at T> 500°C. Tre mobility in zll three cases remained unchanged
after hydrogenation at typically 50 cm?/Vs (zutodoped), 10 cm?/Vs (Si-doped) and 0.3 cm?/Vs
(Mg-doped). A control experiment on the p-type sample is included in Fig. 1, where the mi-
crowave plasma was switched off during the post-growth treztment demonstrating that exposure
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to molecular hydrogen at temperatures up to 600°C does not affect the hole concentration.

Secondary-ion mass spectrosopy is used to verify the introduction of hydrogen into the mate-
rial. In addition, together with the carrier concentrations determined in Fig. 1 the measurement of
the dopant concentrations allows the determination of the doping efficiencies in Si- and Mg-doped
GaN. Figure 2 shows the H- and Mg-depth profiled for p-type GaN. An average Mg-concentration
of 10°%m=3 is found, which indicates a very high doping efficieny of about 10%. The average
hydrogen concentration is about the same as the Mg-concentration. The slight decrease in H-
concentration up to a depth of 0.7um could be due to a diffusion process. The steep decrease in
the concentration, however, coincides with the doping inhomogeneity visible in the Mg-profile at
0.9um. The high Mg-concentration at the substrate interface might be due to outdiffusion of Mg
from doped GaN layers deposited on the substrate holder during previous depositions.

A similar comparison of the dopant and deuterium depth profiles is given for Si-doped n-type
GaN in Fig. 3. The average Si-concentration is about 4 x 102%cm™3, the doping efficiency of
several percent is therefore slightly lower than in the p-type material. Two hydrogen profiles
are included in Fig. 3. It becomes obvious that after hydrogenation at 600°C, the hydrogen
concentration levels at 2 x 102%m~3, independent of the local Si concentration, which is fourd
to vary throughout the sample.

The hydrogen concentration, after the same passivation step, incorporated in the unintention-
ally (autodoped) material is about one order of magnitude lower than in Si-doped material (Fig.
4), and has a constant concentration profile. Comparing the hydrogen concentrations in the three
differently doped samples we find that the hydrogen incorporation is not just limited by factors
like solubility, but does indeed depend on the type and concentration of the dopant present.

Further information on the effects of hydrogen in GaN were obtained from photolumines-
cence (PL). In Fig. 5, a comparison is shown between the photoluminescence of Mg-doped and
autodoped samples, both before and after hydrogenation at 600°C. The two dominant PL-lines in
the as-grown samples are the exciton line at 3.44 eV and the Mg-acceptor related line-at 3.23 eV,
with its two phonon replicas. After hydrogenation, these lines are still observed in the respective
samples, but a quantitative comparison of signal heights is difficult. In the autodoped sample.
the hydrogenation led to a complete quenching of the defect related line at 2.3 eV [5]. In addition
to these known PL lines, a new PL line at 3.35 eV appears after hydrogenation in both samples,
which has not been previously reported in GaN.
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DISCUSSION

A similar hydrogen-related study on p-type GaN has already been performed by Nakamura
and coworkers [6]. However, there are various significant differences to the results reported here.
Nakamura used MOCVD grown sumples, which were LEEBI-treated to obtain p-type conductiv-
ity. In our case, the MBE gown films are p-type without any need for a post-growth treatment.
Nakamura used an NH3 ambient for hydrogenation and had to rely on the thermal decomposition
of the molecules on the surface of the film to obtain atomic hydrogen. Our experiments, in which
the atomic hydrogen is produced in a remote plasma, therefore show that the hydrogenation tem-
perature of 500°C is indeed typical for the material, and not just for the NH3 cracking process.
Details of the photoluminescence results also differ. Nakamura et al. saw an increase in a possibly
defect-related PL band centerd at 1.65 eV after their ammoniation treatment. No indication for
such a PL line is visible in our spectra. The remote hydrogen plasma used in our hydrogenation
technique therefore does not lead to defect formation detectable in PL. In fact, the quenching of
the defect-related line at 2.3 eV for the n-type sample (Fig. 5) shows that hydrogen can passivate
this deep defect state, most probably by a complex formation process. We can conclude that
in the experiments presented here, no compensation due to deep defect formation takes place.
The observed changes in the hole concentration therefore appear to arise from compensation by
shallow donor states created by the incorporation of hydrogen, or by a Mg-H complex formation.

A donor-like state related to the introduction of hyd-ogen would indeed be consistent with
both the Hall data and the photoluminescence experiments. Under this assumption, the position
of the new PL line 100 meV below bandgap would indicate the energy level of this new donor
state. One has then to rationalize that the introduction of hydrogen into the n-type samples does
not change the effective electron concentration, as visible in Fig. 1. The SIMS data reveal about
10'°cm=3 and 10%%¢m-3 hydrogen in the zutodoped and in the Si-doped samples, respectively,
after hydrogenation, thereby giving an upper limit for the additional donor concentratjon in these
samples. Only 1/100 of these would be thermally activated at room temperature, leading to an
added electron concentration well below the Hall concentrztions measured for these samples which
would be difficult to detect. -

The presence of Mg-H complexes, which would passivzte the acceptors in contrast to compen-
sation as discussed above, would be shown by the observztion of 2 local vibrational mode of such




1021 T T T I L S S 1 r L § T —r ™ 3
]
"E -
% 1020 ?:
E 3
£ 2H (600°C, 1hr) ]
191
§ 107 3
E ¢ ;
c
8 [~ -
g 101l GaN , -
o F auto doped tilm ]
- 1thickness . Figure 4: Depth profiles of
- ] hydrogen in unintentionally
[V 14 N NPT P S (autodoped) n-type GaN de-
0 0.5 1.0 1.5 2.0

termined by SIMS.

Depth (um)
a complex, as has been achieved for the N-H-complex in ZnSe. Preliminary Raman and infrared
studies on the samples studied here indeed show such modes in the vicinity of 2200cm™! when
Mg concentrations above 10!%m~2 are present in the samples [7]. No indication for Si-H, C-H
and N-H vibrational modes has been found, however. Details of these results will be subject to
a future publication.

The observation of both the new PL line in n- and p-type samples and of the LVM of Mg-H
complexes in p-type material suggests that hydrogen can have various effects on the properties of
GaN. Indeed, in the p-type sample one has to conclude from vibrational spectroscopy and the PL
measurements that both effects, the compensation and the passivation, are present, although from
the relative intensities of the PL line at 3.35 eV in the p-type and autodoped samples one might
expect that the hydrogen-donor state concentration is small in the p-type material. However, the

chemistry of hydrogen in GaN is clearly a challenging subject (8], which will require considerably
more experimental and theoretical work.

SUMMARY

We have presented a comparative study of the effects of hydrogen in n- and p-type MBE-grown
GaN. We find that the hole concentration in Mg-doped samples can be significantly reduced by
hydrogenation above 500°C. The electron concentration in autodoped and Si-doped material is
unaffected by hydrogenation. The observation of a new photoluminescence line at 3.35 eV in both
n- and p-type samples suggests that hydrogen has a donor-like state in GaN. The defect-related
PL line at 2.3 eV can be effectively quenched by hydrogenation, which indicates defect-hydrogen
complex formation. As a third effect of hydrogen in GaN, Mg-H complexes are observed in
vibrational spectroscopy.
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Hole concentrations of up to 10! cm ™ have been reported for GaN:Mg films grown by molecular
beam epitaxy without any post-growth treatment. Comparing results from Hall measurements and
secondary ion mass spectrometry, we observe doping efficiencies of up to 10% at room temperatures
in such p-type material. By hydrogenating at temperatures above 500 °C, the hole concentration can
be reduced by an order of magnitude. A new photoluminescence line at 3.35 eV is observed after this
treatment, both in p-type and unintentionally doped n-type material, which suggests the introduction

of a hydrogen-related donor level in GaN.

Nitrogen-based [1I-V semiconductors are of considerable
interest due to their unique electronic and mechanical prop-
erties. They are wide-band-gap semiconductors which pos-
sess a direct-gap band (e.g., GaN and AIN in the wurtzite
structure have band gaps of 3.4 and 6.2 V, respectively) and
high thermal stability.! Consequently, these materials are be-
ing developed for two different potential applications: blue/
ultraviolet (UV) light-emitting diodes or lasers and high-
temperature electronics. A major obstacle to the realization
of these applications has becn the high n-type background
. doping which is thought to arise from native N-vacancy
defects.” Only recently, semi-insulating and p-type-doped
, GaN films have been obtained. In p-type material grown by
metalorganic chemical vapor deposition (MOCVD), acceptor
dopants (e.g., Mg and Zn) have becn activated by either low-
energy electron beam irradiation (LEEBI)® or thermal
annealing.** On the other hand, p-type films can be obtained
without the need of such post-growth treatments by molecu-
lar beam epitaxy (MBE) where chemically active nitrogen is
generated in an electron cyclotron resonance (ECR) plasma.®
The formation of Mg-H complexes under the abundant pres-
sure of hydrogen during the MOCVD growth has been sug-
gested by Nakamura®® as the origin for the need to addition-
ally activate acceptors in this material. In this letter, we
report on the use of MBE-grown GaN, which as-grown dis-
plays a high acceptor concentration, to investigate the influ-
ence of intentionally introduced hydrogen on the propertics
of GaN. We demonstrate a substantial decrease in the hole
concentration in initially p-type material after hydrogenation
and report a new photoluminescence line at 3.35 ¢V after
hydrogenation of both p-type and n-type material.

Wurtzite GaN epilayers were grown on ((XX)1) sapphire
substrates by ECR-assisted MBE. Gallium and the dopant
clements (Mg and, for intentional n-type doping, Si) were
evaporated from conventional Knudsen cells, while nitrogen
radicals was produced by passing molecular nitrogen through
an ECR source at a pressure of 10 * Torr. A microwave
-power of 35 W or higher was used for the growth of semi-
insulating GaN films. Prior to the growth of the GaN epil-
ayer, the substrates were exposed to the N plasma for 30 min
to form an AIN layer. A further GaN buffer layer was then
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grown at 500 °C followed by the high-temperature growth of
the actual film at 800 °C at a growth of 200-250 nm/h. The
typical thickness of the films studied here was 1 um. In the
case of p-type samples, an undoped buffer layer of 300 nm
was first grown before the actual growth of the doped mate-
rial. We have not observed any significant dependence of the
crystal quality on either thickness or dopant in MBE-grown
GaN.%7

Hydrogenation was performed with a remote microwave
plasma operating at 2 Torr. This technique excludes effects
due to charged particle bombardment of the sample or its
illumination from the plasma.” A high temperature sample
holder allowed hydrogenation at temperatures up to 675 °C.
No change in the surface morphology was observed after
hydrogenation. The films were electrically characterized in a
standard Hall-effect apparatus, with the samples abrasively
etched into a clover-leaf shape. For ohmic contacts, Au was
deposited on p-type GaN and Al on n-type material. Depth
profiles were determined trom secondary ion mass spectrom-
etry (SIMS), with a Cs* primary ion beam for the detection
of hydrogen/deuterium and an O~ primary beam for Mg.
Calibration of the SIMS data was acii’sved with Mg and
deuterium-implanted GaN reference samples. To increase the
sensitivity, the GaN samples for SIMS were treated with a
plasma containing deuterium instead of hydrogen. The pho-
toluminescence measurements were performed with a pulsed
N. laser as the excitation source (3.678 eV). The photolumi-
nescence was focused onto the entrance slit of a 0.25 m
grating monochromator and detected with a photomultiplier
read out by a lock-in amplifier.

Figure 1 shows the carrier concentration at room tem-
perature for three different samples subjected to isochronal
(1 h) hydrogenation: a Mg-doped sample exhibiting p-type
conductivity, an unintentionally (autodoped) n-type sample,
and a Si-doped sample exhibiting n-type conductivity. The
latter samples were unaffected by the hydrogenation up to
hydrogenation temperatures T of 600 °C, in contrast to re-
cent reports on InAIN and InGaN.® In the p-type material,
however, the hole concentration was reduced by over an or-
der of magnitude by hydrogenation at T=500 °C. The mo-
bility, as determined by the Hall measurements, remained

© 1994 American Institute of Physics
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FIG. 1. Dependence of the carrier density on hydrogenation temperature in
epitaxial layers of GaN. The isochronal hydrogenations were performed in a
remote-plasma system.

unchanged at ~0.3 cm’/V's in the p-type samples, which
suggests that the mobility is not limited by ionized dopant
scattering.

A similar decrease in the hole concentration of Mg-
doped GaN has been reported by Nakamura and
co-workers.*>'® They used MOCVD-grown material, which
had been LEEBI-treated to obtain the initial dopant activa-
tion. For a source of hydrogen these authors used NH; which
had to be thermally decomposed at the sample surface. The
observed passivation conditions, especiaily the temperature,
in these experiments could, therefore, be characteristic of
either the GaN (e.g., diffusion process or activation energy
for the formation of complexes) or rather of the NH; decom-
position on the sample surface. The results presented in this
letter unambiguously establish that the comparatively high
temperature for the passivation is due to the bulk properties
of GaN. In addition, the control experiment included in Fig.
1, where the microwave plasma was switched off during the
post-growth treatment of the samples, demonstrates that ex-
posure to molecular hydrogen at temperatures up to 600 °C
does not affect the hole concentration of p-type GaN.

The introduction of hydrogen into the material was veri-
fied with SIMS. In Fig. 2, depth profiles are shown for both
Mg and deuterium. The Mg profile together with the hole
concentration quoted above permits an estimation of the dop-
ing efficiency that can be achieved with ECR-assisted MBE.
For the specific sample illustrated here the efficiency is
slightly less than 10% at room temperature. From photolu-
minescence experiments such as those discussed below, one
expects the acceptor to have an ionization energy of about
150 meV. For thermal excitation into the valence band, sig-
nificantly less than 1% of the acceptors should be ionized at
300 K. The considerably higher apparent ionization of 10%
therefore suggests that the dominant transport process is
impurity-band conductivity. This would be consistent with
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FIG. 2. Depth profiles of hydrogen and magnesium in p-type GaN deter-

mined by secondary ion mass spectrometry. The hole concentration before

hydrogenation was 7x10'® cm 3.

the high dopant concentration of 10° cm™ revealed by
SIMS.

With regard to the effects of hydrogenation, the SIMS
profile in Fig. 2 shows that the deuterium concentration
found after passivation at 600 °C for 1 h is about the same as
the concentration of Mg. The gradual decrease of the deute-
rium concentration for depths beyond 0.7 um coincides with
the end of the intentionally Mg-doped layer, which is grown
on an undoped buffer layer of 0.3 um thickness. The SIMS
data, therefore, establish that under the hydrogenation-condi-
tions which produced the observed decrease in hole concen-
tration hydrogen is introduced into the sample to the same
concentration as the Mg. :

There are in principle two mechanisms which could ac-
count for the results presented in Figs. 1 and 2: the formation
of Mg-H complexes, which would passivate the acceptors, or
compensation due to the possible donor state induced by
hydrogen in GaN. An unambiguous experiment which would
show the existence of Mg-H complexes would be the obser-
vation of its local vibrational modes. Such modes have been
observed in other materials such as Si and GaAs, establish-
ing the presence of such dopant-hydrogen complexes.'"!2
With samples from the present study, preliminary Raman
scattering'® and infrared absorption'® measurements reveal
vibrational modes in the vicinity of 2200 cm™! in samples
with very high Mg concentration and low doping efficiency.
These results will be presented in a forthcoming publication.
It appears that the observed reduction in the hole concentra-
tion is indeed due to the formation of hydrogen-acceptor
complexes as previously suggested.*”

Further information on the effects of hydrogen in GaN
were obtzined from photoluminescence (PL). In Fig. 3, a
comparison is shown between the photoluminescence of Mg-
doped and autodoped samples, both before and after hydro-
genation at 600 °C. The two dominant PL lines in the as-
grown samples are the exciton line at 3.44 eV and the Mg-
acceptor related line at 3.25 eV, with its two phonon replicas.
After hydrogenation, these lines are still observed in the re-
spective samples, but a quantitative comparison of signal

Brandt of al. 2265
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FIG. 3. Photoluminescence spectra of Mg-doped and autodoped GaN, both
before and after hydrogenation.

heights is difficult. In addition to these known PL lines, a
new PL line at 3.35 eV appears after hydrogenation in both
samples, which has not been previously reported in GaN.

_These PL results differ considerably from those reported
by Nakamura and co-workers® on both LEEBI-treated and
ahnealed Mg-doped GaN. The intensity of their dominant PL
linq, centered at 2.75 €V, is quenched by about one order of
magnitude after an 800 °C treatment with NH;. At the same
time, the authors observed an increase of a possibly defect-
related broad PL line centered at 1.65 eV. A possible expla-
nation for the observed passivation of holes would therefore
be the formation of deep defect states compensating the ac-
ceptors in their experiment. Although our PL measurements
only extend down to 1.9 eV, the high-energy side of the
broad defect-related PL band discussed above is clearly not
observed. Our hydrogenation treatment therefore does not
induce additional defects. In contrast, the defect-related PL
band at 2.3 eV (Refs. 15 and 16) is completely quenched
after hydrogenation of the auto-doped sample, which indi-
cates a passivation of these defects, probably once again by
complex formation.

The new PL line is located ~100 meV below the band
gap after hydrogenation in both p-type and n-type GaN.
From the PL data alone it is impossible to determine whether
thi§ state is adjacent to the conduction band, and therefore
acting as a donor, or immediately above the valence-band
maximum, and acting as an acceptor. The latter possibility
seems untenable in view of the Hall data of Fig. 1, since the
presence of accepiors shallower than the Mg-related level
should counterbalance the observed passivation effect. On
the other hand, if the state acts as a donor, there should be an
effect on the electron concentration in the n-type samples,
since the new PL line is also present in the autodoped
samples. SIMS data revealed that about 10'° cm > hydrogen

2266 Appi. Phys. Lett., Vol. 64, No. 17, 25 April 1994

atoms were introduced into the autodoped sample by hydro-
genation, thereby giving an upper limit for the additional
donor concentration. Thermal activation at room temperature
of this assumed donor level deeper than the native defect
related level would lead to an added electron concentration
of 10" cm™?, significantly lower than the observed electron
concentration of 8X 107 cm ~* due to the nitrogen deficiency.
This would be consistent with the failure to observe any
changes in the electron concentration of the autodoped
sample in Fig. 1 and therefore be consistent with the assump-
tion of a hydrogen-induced donor state. Another possible in-
terpretation of the new PL line could be the formation of
extended defects such as dislocations by the hydrogenation.
The binding energy of such defects might be as large as the
100 meV PL shift observed. Clearly, further studies are re-
quired for the final assignment of this new PL line.

In conclusion, we have shown that by introducing hydro-
gen into MBE-grown p-type GaN the hole concentration can
be substantially reduced, which suggests the formation of
Mg-H complexes. No change in the electrical properties of
n-type samples has been observed up to 600 °C. A new pho-
toluminescence line at 3.35 ¢V appears after hydrogenation
in both p- and n-type samples. The photoluminescence indi-
cates that hydrogen might have a donor level in GaN.
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Four local vibrational modes are reported for Mg-doped wurtzite GaN. which as grown pos-
sesses high concentrations of hydrogen. The modes, studied by Raman and infrared absorption
spectroscopy appear to form two pairs. Based on the observed selection rules, one pair, with room-
temperature frequencies of 2168 and 2219 cm ™' is assigned to inequivalent Mg-H complexes in the
¢ plane and parallel to the c axis, respectively. The origin of the second pair of modes at 2151 and
2185 cm ™', which are IR inactive, is speculatively linked to the preseuce of diatomic molecules such

as Ny or Ha.

Wide-band-gap II-VI and II1-V semiconductors are re-
ceiving considerable attention due to their possible ap-
plications in ultraviolet to green-light emission devices
and high-temperature electronics. A major obstacle to
the realization of such devices is an apparent difficulty
to obtain p-type doping in these materials when using
growth techniques such as metal-organic chemical vapor
deposition (MOCVD). This limitation has recently been
overcome by the successful growth of films by molecular-
beam epitaxy (MBE). The absence of hydrogen from the
gas phase during MBE growth has led to the assump-
tion that the formation of acceptor-hydrogen complexes
is the reason for the low doping efficiency in MOCVD-
grown material.

Dopant-hydrogen complexes in semiconductors have
been studied with a variety of technigques.! The effect
of hydrogen on the electrical activity of the dopants has
been studied by temperature-dependent Hall effect mea-
surements and the spatial extent of a passivation by
capacitance-voltage measurements. A definite proof for
the existence of complexes, however, can only be obtained
by the observation of their local vibrational modes (LVM)
with infrared (IR) or Raman spectroscopies. In silicon
and gallium arsenide, where the effects of hydrogen have
been most extensively studied so far, the local vibrational
modes of hydrogen bound to a large variety of dopants
have been identified. These include H-containing com-
plexes with B, Al, Ga, P, As, and Sb in Si and with Si,
Ge, Su, Zn, Be, and Cd in GaAs.?3 By analyzing the
polarization dependence of vibrational modes in IR and
Raman experiments, information on the symmetry of the
complexes is obtained. Calculations determining the to-
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tal energy of different configurations that are compatible
with the observed symmetry or measurements of the vi-
brational modes under uniaxial stress can then identify
the microscopic structure of the complexes.

In ZnSe, a wide-band-gap compound, the observation
of the vibrational modes of N-H complexes in MOCVD
grown material has indeed shown that such acceptor-
hydrogen complexes are formed and appear to limit the
p-type doping efficiency.®® In p-type GaN electrical mea-
surements have shown that Mg acceptors can be passi-
vated or compensated by introduction of hydrogen from
a remote microwave plasma at hydrogenation tempera-
tures above 400°C.%7 A new photoluminescence line at
3.35 eV was observed after hydrogenation. which might
indicate that hydrogen has a donor level in this mate-
rial. On the other hand, secondary-ion mass spectrome-
try (SIMS) revealed that hydrogen can be introduced to
the same concentrations as the Mg acceptors, which could
indicate complex formation. Vibrational spectroscopy. as
discussed above, should be able to establish the presence
and structure of such hydrogen-dopant complexes. In
this paper, we report the observation of several local vi-
brational modes in Mg-doped GaN epitaxial films which
possess significant H concentrations. We assign a LV'M
pair at 2168 and 2219 em™! to the stretching vibrations
of two inequivalent Mg-H complexes. The origin of a sec-
ond, IR inactive pair at 2151 and 2185 cm ™! is discussed
and .aight be due to the presence of Hy or Ny in the films.

Waurtzite GaN  epilayers were grown on (0001) c-
plane sapphire substrates by electron cyclotron resonance
(ECR) microwave plasma assisted MBE.2? Gallium and
magnesium were evaporated from conventional Kunnud-
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sen cells, and activated nitrogen was produced with an

- efficiency of about 10% by passing molecular nitrogen

through the ECR source at a pressure of 10™% Torr and
. a microwave power of typically 35 W in the ECR plasma.
* Prior to the growth of the GaN epilayer, the substrates
were exposed to the N plasma for 30 min to convert
the surface of the sapphire substrates to AIN. A GaN
buffer layer was then grown at 500°C followed by the
high-temperature growth of the actual film at 800°C at
a growth rate of 200 to 250 nm/h. The two-temperature
growth was shown to promote lateral growth and thus
layer-by-layer growth. Depth profiles from SIMS typ-
ically show Mg concentrations of 10*° ¢m~3. Room-
temperature Hall measurements find hole concentrations
of up to 10!° cm =2 in some samples, which corresponds to
a doping efficiency of =~10%. However, the specific sam-
ples studied here show H concentrations above 10!% em ™3
as determined with SIMS. The exact origin of this con-
tamination is unknown at present, but appears correlated
with the microwave power used in the ECR source and
linked to the Mg doping. The ECR plasma tends to ac-
tivate spurious hydrogen concentrations in the gas phase
and thereby increases its incorporation probability in the
films. Furthermore. there is mass-spectroscopic evidence
from the outgassing Mg source that Mg tends to getter
hydrogen which is then released during the Mg evapora-

- tion. The hydrogen content in the films can be minimized

by carefully outgassing of the system prior to the growth
of the GaN films, thereby increasing the doping efficiency.

. MOCVD-grown Mg-doped GaN was not available for this

study.

Raman spectra were excited at room tempemture by
100 mW of 488 nm laser light in a custom-built Raman
miicroprobe based on an Olympus metallurgical micro-
scope with a 50x objective (NA = 0.8). The spot size
was approximately 2 pm. Spectra were detected by an
imaging PMT (1024x1024) with a holographic notch fil-
ter (Kaiser Optical Systems) and a 640 nm spectrograph
with a 1200 groove/mm grating. Typical collection times
were between 200 and 800 s. The spectral resolntion was
4 cm ™! and the precision of the line center determinations
is £1 cm !, Polarized spectra were corrected for differ-
ences in grating efficiency by calibration with a white
light source. Since only epilayers of typically 1 ym thick-
ness grown on c-plane sapphire were available for this
study, only Raman measurements in the backscattering
configuration z{rr)Z or z(xy)z could be performed, with
the = direction parallel to the ¢ axis of the wurtzite struc-
ture.

The infrared absorption measurements were conducted
Bruker IFS 113
Fourier transform spectrometer. A mid-1R glowbar light
source, a KBr/Ge beam splitter, and an MCT detector
were used. The resolution was 2 cin™!. To avoid redue-
tion of sensitivity due to light interference in the thin
GaN layers, the light was incident on the samples at an
angle of 60” from the surface normal. For an index of re-
fraction corresponding to a relative permittivity of = 9,
the infrared light propagation vector made an angle of
15 with respect to the ¢ axis. Because of the sample ge-
ometry, only trausmission measurements with the prop-
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agation of the light nearly parrallel to the ¢ axis could be
performed.

The results of the room-temperature Raman and in-
frared absorption measurements on a variety of Mpg-
doped GaN samples are summarized in Fig. 1. Four
Raman active vibrational modes were detected. which
appear to comprise two pairs. One sample shows only
the first pair at 2168 and 2219 cm™?! [Fig. 1(a}]. In most
samples studied, however, a second pair at about 2151
and 2185 is observed as shown in the Raman spectra of
Fig. 1(b), the lower frequency peak being considerably
broader than the other peaks observed here. Within a
pair, the relative intensities of the peaks remain constant
at around 1 to 2 for both pairs. while the intensities of
the two pairs with respect to each other vary consid-
erably as exhibited by the two Raman spectra shown.
Both pairs show the same polarization dependence: By
changing from the z(2z)Z to the z(zy)Z scattering con-
figuration, the Raman intensity is reduced by a factor of
10. but the spectral shape remains unchanged. Both un-
doped and hydrogenated Si-doped (4 x10%° cm™3) control
samples were investigated for similar vibrational modes
both in this frequency region and near 3000 cm~*. No
Raman signal of a local vibrational mode was found in
these samples.

In the IR absorption of all Mg-doped GaN films studied
here, however. only the first pair is observed. with the
high-frequency mode at 2219 cm™! barely detectable in
the specific transmission geometry that was used. In fact.
the IR spectrum shown in Fig. 1(c) was obtained on a
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The Raman measurements
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FIG. 1.
Raman spectra (a) and (b)
obtained from different samples.
were performed under ambient conditions in the z(rr)z
ization configuration. The IR measurements were performed
with the sample in vacuum at room temperature. Two pairs
of LVM are found, indicated by dashed and dotted lines. Ouly
the pair at 2168 and 2219 em ™! is IR active. 1t is assigned to
Mg-H complexes oriented either in the ¢ plane or parallel to
the ¢ axis of the wurtzite lattice, respectively.
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sample possessing » particularly strong Raman signal at
2185 ecm ™}, which is a constituent of the second pair.

"The typical linewidth of the 2168 cm ™! mode observed

with both techniques is 15 cm~!. This inhomogeneous
broadening might be due to residual strain or the high
concentration of vibrational centers.

Manabe and co-workers have studied local vibrational
modes of Be in CdS and CdSe, which also have a wurtzite
lattice.’® While the wurtzite lattice has Cs, point group
symmetry, the defect with Be on the Cd site has Cj,
point group symmetry. The effect is a splitting of the
local vibrational mode into two peaks with local symme-
tries 4, (IR dipole parallel to ¢ axis) and £, (IR dipole
perpendicular to ¢ axis). In the case of a hypothetical
Mg-H local vibrational mode, the addition of the hy-
drogen changes the symmetry slightly. If the hydrogen
atom is along the ¢ axis bonding direction (e.g., Conf. I in
Fig. 2), the point symmetry is C3,. If, on the other hand.
the H is along a bonding direction in the plane {(e.g., Conf.
IT), the symmetry is C,: there is a single plane of sym-
metry containing the Ga atom in the next layer and the
Mg-H bond. This gives rise to the selection rules for in-
frared and Raman spectroscopies listed in Table 1. For
the specific transmission and scattering geometries em-
ployed here, we therefore expect from group theory to
observe only vibrations of Conf. Il (H in ¢ plane) with
IR, but both configurations in Raman.

Returning to the experimental results of Fig. 1, we
find that the first pair at 2168 and 2219 cm™! indeed
behaves as expected for an acceptor-hydrogen complex
in a wurtzite material. From the selection rule exhib-
ited by the IR spectrum, we therefore would assign the
2168 cm™! mode to the 4’ vibration of Mg-H complexes
oriented in the ¢ plane and the 2219 cm~! mode to the

O6a ON @ Mg OH

FIG. 2. Hypothetical structural configurations of the two
inequivalent sites of the Mg-H complex in GaN. The hydrogen
is assumed to be in a bond-center position, with the Mg atom
relaxing to the plane formed by its nearest N neighbors. In
Conf. I the Mg-H bond is in the c-axis direction, while in
Conf. Il the bond is in the ¢ plane. The dashed circles indicate
substitutional lattice sites.
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TABLE I. Selection rules for the vibrational spectroscopy
of Mg-H complexes in wurtzite GaN.

Point
symmetry  Vibration IR Raman
Conf. | C3y A z Ir = yy, 2z
Conf. 1I C, A r y zT,yy. TY. =2

A, vibration of Mg-H parallel to the ¢ direction which is
IR inactive for transmission experiments with the light
propagating in the ¢ direction. (The weak IR signal
at 2219 cm™! is indeed consistent with the slight off ¢
axis orientation of the sample during the IR measure-
ments.) This assignment to a H complex is corrobo-
rated by the SIMS results which show that the local
vibrational modes are observable only in samples with
[Mg] > 10* cin~? and. avaraged over the sample thick-
ness, [H] > 10'® em™3. The participation of Mg in the
complex is further supported by the absence of the modes
discussed above in undoped or Si-doped GaN. Finally. the
observed frequencies are in a spectral region where only
stretching vibrations of hydrogen are expected. Indeed.
the local vibrational modes of group-1I -acceptor hyvdro-
gen complexes in » type GaAs and InP observed so far all
lie between 2037 «nd 2257 cm™ !, very near to the modes
reported here. However. there appears to be no previous
report of vibrational modes related to Mg-H complexes
in these materials.!!

The exact microscopic configuration of the Mg-H com-
plex in GaN cannot be esiablished from the measure-
ments reported here. although the observed selection
rules are consistent with the hydrogen situated on a Me-
N bond axis. There are two sites available: (1) the H in
the Mg-N bond (bonding or bond-center site) or {ii) the
H opposite to this bond in the antibonding site. Total
energy calculations have determined that for both group-
IIT acceptors in Si and for group-11 acceptors in GaAs the
bond center site is the energetically more favorable. This
specific configuration is shown in Fig. 2 for the complex in
both the ¢ direction (Conf. 1) and the ¢ plane (Conf. 1D,
The introduction of the hvdrogen may lead to a threefold
coordination of the acceptor atom and a rdlaxation to-
wards the plane formed by its three nearest N neighbors.
Support for this assumption might be obtained from the
comparison of the obs. -ved stretching frequencies around
2200 cm~! in GaN to these in corresponding molecules.
One finds the stretching modes at 3444 cm™! in Ny and
1450 cm™! in MgH.!'? which could indeed indicate that
both N and Mg participate in the boading of the hydro-
gen atom. However, the corresponding argument fails in
the case of B-doped Si. where the observed mode of the
B-H complex has a low.r frequency than both SiH, and
BaHg. It should also be noted that the frequency of the
proposed Mg-H local vibrational mode in GaN does not
appear to be strongl, influenced by the presence of ni-
trogen at the groun-V lattice site, when compared. for
example, to LVM's of group-11 acceptor hvdrogen com-
plexes in GaAs. This might indicate that the hvdrogen
atom is in the antibonding site rather than in the bond
center position. In addition. in silicon the H-Ga complex

has a local vibrational mode® at 2171 em 1, which co-
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incides with the strong IR-active mode shown in Fig. 1.
Therefore, another possible candidate for the complex is
a nitrogen vacancy with one or several of the adjacent
Ga atoms passivated by hydrogen. Since the LVM’s are
_-observed only in Mg-doped material, such a hypothetical
vacancy should correlate with a Mg atom. Total energy
calculation will be invaluable to identify the microscopic
configuration(s) of the Mg-H complex in GaN.

The assignment of the second pair at 2151 and
2185 cm™?! in Mg-doped GaN films is considerably more
difficult. The failure to observe absorption in IR spec-
troscopy would indicate that the microscopic structure
does not exhibit a built-in dipole moment in the polar-
ization direction of the IR used in the transmission ex-
periments. (In fact, due to the limited signal-to-noise
ratio, we can only conclude that the IR cross section is
at least a factor of 20 smaller than that for the mode
at 2168 cm™!.) One possibility could be Mgy or Mg
precipitates, although their vibrations are expected to
occur at considerably lower frequencies. Another possi-
bility are diatomics, however, H; and N, have stretching
frequencies in the gas phase of 4395 and 2360 cm™?, re-
spectively. A definite assignment can once again only
be made based on calculations. Although it is expected
that the H, vibration in Si is considerably shifted down-
wards to about 2300 cm™!!* preliminary calculations
of No in GaN show that this molecule can be incorpo-
rated into the crystal without significant changes in its
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vibrational frequency.!® The suggestion that the second
pair might originate from N; molecules, again oriented
in two nonequivalent configurations parallel to the ¢ axis
and in the ¢ plane, receives some corroboration from the
growth conditions used, which as in the case of GaAs,
employed an overpressure of the group-V constituent to
avoid surface segregation of Ga. It however remains to be
understood under this assumption why the hypothetical
N, mode is not observed in undoped or Si-doped GaN,
which are grown with the same overpressure of nitrogen.
One possibility is that the incorporation or stability of
N in GaN might be dependent on the Fermi level posi-
tion. A continuing systematic study of growth conditions
by LVM spectroscopy is anticipated to yield new insights
and fundamental information on native defects as well as
dopant incorporation during growth of GaN.
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ABSTRACT

Reactive ion etching of GaN grown by electron-cyclotron-resonance, mi-
crowave plasma-assisted molecular beam epitaxy on (0001) sapphire sub-
strates was investigated. A variety of reactive and inert gases such as CCl;F;,
SFs, CF,, Hy/CH¢ mixtures, CF3Br, CF3Br/Argon mixtures and Ar were
investigated. From these studies we conclude that of the halogen radicals
investigated, Cl and Br etch GaN more effectively than F. The etching rate
was found to increase with decreasing pressure at a constant cathode voltage.
a result attributed to larger mean free path of the recctive species.

INTRODUCTICN

The family of refractory nitrides (InN, GaN, AIN), their solid solutions
and heterojunctions are one of the most promising families of electronic ma-
terials. All three binary compounds are direct bandgap semiconductors with
energy gaps covering the region from 1.95eV (InN) and 3.4eV (GaN) to
6.28eV (AIN). These materials should find applications in optical devices
(LED’s lasers, detectors) operating in the green-blue-UV parts of the elec-
tromagnetic spectrum. Due to their unique physical properties, the materials
are also expected to find applications in high temperature, high power, and
high frequency electronic devices. However, the fabrication of such devices
requires the development of a number of device processing techniques, in-
cluding reactive ion etching.

There are limited reports in the literature regarding etching of GaN [1-4].
Pankove [1] reported that GaN dissolves in hot alkali solutions at very slow
rates, and thus, wet etching is not practical for this strongly bonded material.
Foresi [2] reported the reactive ion etching of GaN grown on the R-plane of

sapphire using CCI;F;, and Adesida (3] reported the etching of GaN using
SiCly. Pearton [4] investigated ECR microwave discharges for the etching of
GaN, InN and AIN.

In this paper we report on reactive ion etching studies of GaN grown on
(0001) sapphire substrates using a variety of reactive and inert gases. The

effect of plasma parameters on etch rate, morphology and selectivity were
investigated.
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EXPERIMENTAL METHODS

The GaN films were grown onto (0001) sapphire substrates by the method
of electron-cyclotron-resonance microwave plasma-assisted molecular beam
epitaxy (ECR-MBE) using a two temperature step growth process [3,6]. In
this method a GaN buffer is grown first at low temperature (5060°C) and the
rest of the film is grown at higher temperatures. This process was shown
[5.6] to lead to high lateral growth rate resulting in a layer by laver growth.
The films have the wurtzite structure with the c-axis perpendicular to the
substrate. Although the films were not intentionally doped they were found
to be n-type with carrier concentrations in the order of 10"%¢cm™2, due pre-
sumably to nitrogen vacancies.

The ion etching of the GaN films was carried out in a parallel plate reactor
supplied with 13.5 MHz RF power. Various patterns were formed on the top
of the GaN films with AZ 1350 J photoresist. Various reactive and inert
gases were employed. The depth of the profile of the etches was determined
by a profilometer or by directly measuring the thickness by a cross-sectional
SEM image. The quality of the etch morphology was aiso assessed by SEM
imaging. '

EXPERIMENTAL RESULTS AND DISCUSSION

First the etching rate from different reactive and inert gases was investi-
gated. To compare the results the etching was carried out at the same gas
pressure (11mT) and the same cathode voltage (600\"). The results are listed
in Table L

Table I. Etching rates of GaN (11mT and 600V cathode voltage.)

Gas Etcning Rate (A/min
CCl,F; 135 |
CF3Br/Ar (3:1) 200
CF4 120 H
SFe 100 P
H./CH, (2:1) 30 !
Ar i 65 )

From these results it is apparent that F is a less efficeat etchant of GaN
than the other halogen radicals Ci and Br. Etching by hvdrogen radicals
and physical sputtering are even less efficient processes. Neveriheless. the
mixture ol a certain percentage of Ar in CF3Br improves the etching rate of
the reactive gas.

The effect of gas pressure on the etching rate of GaN was investigated by
using CF3Br/Ar (3:1) and a constant cathode voltage of 600\". The results
are shown in Figure 1.
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Fig. 1 Etch rate of GaN vs. the pressure of CF3Br/Ar (3:1) at a constant cathode
bias of 600V.

The higher etching rate at lower pressures suggests that the limiting step in
the etching process is the mean free path of the halogen radicals. A typical
etching profile obtained at 11mT of CF3;Br/Ar (3:1) and 600V of cathode
voltage is shown in Figure 2.

ABR8 36K

Fig. 2 A typical etch profile of GaN using CF3Br/Ar (3:1) made under conditions
described in the text.

We observed that the pyramidal features in the etching pattern are not
present when etching was carried out at 5mT. By measuring the thickness of
the photoresist prior to and after etching the selectivity at SmT was found
to be greater than 3:1 GaN to photoresist.
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CONCLUSIONS

We report on reactive ion etching of GaN grown onto (0001) sapphire.
Various reactive and inert gases were employed from which it was found
that Cl and Br etch GaN more effectively than F. The effects of plasma
parameters on etch rate and surface morphology were investigated using a
CF3Br/Ar mixture in a 3:1 ratio. Etch rate and surface morphology were
found to improve at lower plasma pressure, resulting in an etch rate in excess
of 400 A/min at 4.2 mT.
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Abstract

The role of ionic and non-ionic excited species of nitrogen in the growth of GaN thin films by Electron Cyclotron
Resonance Plasma Assisted Molecular Beam Epitaxy (ECR-MBE) has been investigated. It was found that the kinetics of
film growth is significantly affected by the microwave power in the ECR discharge. Specifically, a transition from an island
to a layer-by-layer and finally, to a three dimensional growth has been observed as a function of power. These
morphological changes are accompanied by degradation of the electrical and luminescence properties, a result attributable
to increased native defects and impurities. SIMS analysis indicates that impurity levels in the films increase with the
plasma power levels used during the growth. To study the relative role of ion induced native defects in these films,
strategies for charged species extraction were developed by using an ofT axis solenoid to modify the magnetic environment
during growth. Films grown under a reduced ionic/excited neutral ratio environment show marked improvement in the
electrical and luminescence properties. These data together with SIMS analysis, indicate that observed improvements in
these films are due to a reduction of native defects and not impurities.

PACS # 68.55.-a, 68.55.Bd, 68.55.Ln, 72.80.Ey

in the growth of the 1II-V nitrides as well as in the p-tipe
1. Introduction doping of the II-VI family of semiconductors. The lower
process pressures required for stable operation, the high
ionization efficiency as well as the low energy of the
excited species make them ideally suited for activating
unreactive gas species such as nitrogen, thereby serving as
a high density sourcc for low pressure epitaxial growth
processes. It has been widely observed that GaN films
grown at higher microwave power levels exhibit degraded
clectrical and luminescent propertics over films grown
under lower microwave power, a result attributed to ‘ion
damage’ 81617

Previously, workers have reported on various methods
to control the ionic species in plasmas''*'®°.  These
techniques generally utilize an electric or magnetic field to
guide/repel charged species through magnetic  ficld
confincment or Coulombic cffects. Substrate or grid
biasing is a popular technique duc to the comparative case
of implementation''. However, in low pressure plasmas
with ionic species having highly anisotropic Kkinctic
encrgies, which lead to long range interactions, substrate
biasing has been shown to strongly affect thc plasma
gencration upstream in the source through clectron
extraction/reflection making the interpretation of such
experiments difficult’®.  On axis solenoids have been
extensively studied both in ECR as well as magnetron
sputtering plasmas as a mecans of charged specics
control'>®,  While this technique is very effective in
charged specics control, it is typically very difficult to
introduce the required solenoids into the apparatus due to
geometrical constraints.

In this paper, a comprehensive study of the growth of
GaN by the method of ECR-assisted MBE (ECR-MBE) is
reported. The mechanism by which ions affect the growth
of the films has been studied. The degradation in film

Gallium nitride is a refractory semiconductor under
intense study due to its direct bandgap at 3.4 eV as well as
the ability to modify this value over an extremely wide

- range of the visible-UV part of the electromagnetic
spectrum through the formation of ternary solutions with
InN (E, = 1.9¢V) and AIN (E; = 6.2¢V). Difficulties in

- reproducible p-type doping as well as reducing background
donors have proven formidable challenges that are just
starting to be overcome. The background electron
concentration in GaN has been ascribed to nitrogen
vacancies, which is expected to be a shallow donor (~20-30
meV) in GaN'2. In order to reduce nitrogen vacancies, a
number of workers have developed plasma-enhanced,
kinetically controlled processes, such as modified
molecular beam epitaxy or sputtering, to achieve better
control over the stoichiometry of the films *'2.  These
processes generally rely on plasmas of nitrogen to provide
chemically active nitrogen species to allow film growth
below the decomposition temperature of GaN'>. These
workers utilized a variety of plasma gencrating sources,
which, in turn, can generate a variety of active nitrogen
species. This raises a question as to what active nitrogen
species are important for the growth of high quality GaN.
Some important observations that can be made from these

- works is that 1.) GaN can be effectively grown without the
presence of ionic species™®. 2.) The plasma to substratc
-potential difference is critical in the formation of

“electrically active defects, either through bombardment
effects'’ or through modulation of the defect formation

- encrgy for different surface potentials'*'>.

Electron cyclotron resonance (ECR) plasma sources
arc becoming popular for providing the activated nitrogen




quality at elevated plasma power levels as well as the role
of ionized species on film quality was investigated. In
order to systematically study such phenomena, a new
method of growth employing an off-axis external solcnoid
for charged species extraction was developed .

-lI. Experimental Methods

A. Film Growth

The films in this study were all deposited on (0001)
AlLO; substrates by a two-step growth technique described
previously>?'. The growth apparatus (Figure 1) used in the
current work, consists of an Intevac Gen II MBE unit with
an AsTex compact ECR source mounted in one of the
cffusion cell ports. It is important to note that this source
has an axial solenoid to generate the magnetic ficld
required for ECR operation. The background pressure of
the system before the introduction of the nitrogen gas was
usually <10'° T. The gallium (99.99999% pure) flux is
supplied by a conventional Knudsen effusion cell. The
substrates were chemically etched in a hot H,SO4H;PO,
(3:1) solution for 20 minutes to remove surface
contaminates as well as damage from mechanical
polishing. They were then fastened to an insulating BN
platc with Mo wires and introduced into the MBE system
wherc thcy were outgassed in the preparation chamber
at8350°C. Prior to growth the substrate was heated to about

.850°C (as measurcd by a thermocouple behind the
substrate) and exposcd 10 a 35W nitrogen plasma to further
clean the surface and form a thin AIN layer on the surface,

. as evidenced by a transformation in the RHEED diffraction

pattern®?'. The substratc temperature was then lowered to

550°C for the growth of a thin GaN buffer layer (~300 A).

This step was typically donc at low plasma power levels

CECR Source

(~20W) in order to grow in a low active nitrogen
overpressure environment which was shown to promote
fateral growth (see Sec.lll). After deposition the gallium
shutter was closed and the substrate temperature was
ramped to 800°C, while the gallium and nitrogen fluxes
were adjusted for the growth of the rest of the film. The
gallium shutter was then opencd and the growth of a thick
(1-2pm) GaN film proceeded at a rate of 0.22 pmvhr. The
nitrogen gas (99.995% purity) was purified to >99.99999%
by gettering with a Zr/Fe-based alloy. The nitrogen flow
rate for all films grown in this study was 6.0 sccm which
corresponded to a process pressure of 1.2 x 10 T. Growth
was terminated by interrupting the gallium bcam and
gradually cooling the substrate to <400°C in the presence
of the nitrogen plasma to minimize surface decomposition
of the film at elevated temperatures.

In order to study the effect of the extraction of
charged species from the nitrogen plasma we grew a scries
of GaN films with the magnctic environment of the growth
chamber modificd utilizing the externat solenoid indicated
in Figure 1. The growth procedures are identical to thosc
described above except for the inclusion of the external
solenoid which is situated outside of the growth chamber at
an angle of about 60° with respect to the axis of the ECR
source. It consists of approximately 2300 turns of 18
gauge enamcled copper magnet wire wound on an iron
mandrel. The external magnet was powered by a DC
power supply such that it induccd a magnetic ficld opposite
in sign 1o that of thc ECR source’s solenoid in relation to
the substrate, as confirmed with a gaussmeter. Due to the
relatively large scparation between the external solenoid
and the ECR source, there is negligible perturbation of the
magnctic field inside the ECR solenoid duce io this external
ficld and it is expected that the specics generation at the
ECR condition would not be affected.

External Solenoid
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Figure 1 - Modified ECR-MBE Growth Apparatus showing external solenoid used for the modification of the magnetic

cnvironment during growth.
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Figure 2 - Magnetic ficld lines for (a.) no external solenoid and (b.) with external solenoid at 8 A. (Note: The external
solenoid in (b.) is schematically represented as being closer to the ECR source than in the actual simulation and

experiment.)

It is known that charged specics in ECR plasmas are
strongly guided along magnetic ficld lincs or, equivalently,
down the divergence of the magnetic ficld by ambipolar
diffusion®®. Magnctic ficld lincs are drawn in figure 2 for

the growth environment both without and with the external
" magnet at 8 Amperes. These were computed by plotting
contours of vector potentials, calculated via linearly
translated/rotated  superimposed  dipoles using an
approximation that the radius of the solenoid is much
smaller than the distance from the solenoid to the
substrate. The vector potential for onc dipole is given by
Eq (1) *:
- uqx Roni x
|A|= PR m
4r (z2+x?)

Where R is the radius of the dipole, ni is the amp-turns
associated with the dipole and z and x are the coordinate
axes, normal to and in the plane of the dipole, respectively.
As can be seen in Figure 2, the external solenoid serves to
effectively divert the field lines away from the substrate
arca. By extracting the ions from the substratc arca, the
ratio of ions to excited neutral species could be
systematically varied. The current to the external magnet
was switched on to the specified value after the growth of
the GaN buffer layer to avoid possible variations in the
heteroepitaxial nucleation on the sapphire substratec which
would be expected to affect the subsequent film growth.
- For the films grown with the external solenoid, the
" microwave power was kept constant at 30W which was
decmed appropriately high enough to compensate for the
extraction of the ions and maintain the stoichiometry of the
films under ‘he range of external solenoid currents used in
this study.

B. Plasma Characterization

Nitrogen plasmas have been shown to have a variety
of excited nitrogen specics. including Ny, N.*, N and N
3 The ECR plasmas used in our growth were
characterized both by optical emission spectroscopy and
Langmuir probe mecasurements. An optical emission
spectra typical for our ECR nitrogen plasma source 1s
shown in Figure 3. The measurement was performed using
a UV fiber optic bundle to collect light from a viewport
line-of-sight with the sourcc. The light was dispersed
through a 0.25m monochrometer.

These studies reveal the presence of N, as indicated
by the cmission at 391.4 nm associated with the first
negative system of N.* (B°E,” — X “L."). The remainder
of the dominant peaks in the region of the spectra at 2. <
500 nm are associated with the second positive system of
N;* (C’, - B’I1,), such as the 337.1 nm linc commonly
utilized in nitrogen gas lasers. The banded emission in the
visible part of the spectrum (500-700 nm) is due to the first
positive system of N,* (B I, — A Z,") believed to result
from the recombination of two ground state nitrogen ('S)
atoms. The emission band in the 700-800 nm range can be
attributed either to the Y-bands of N: (B’ °Z, - B ’[1y)
which are also thought to be duc to recombination of
ground statc nitrogen atoms®* or, as recently proposed by
Vaudo et. al., attributable to atomic as opposed to
molecular transitions'*%,

In order to study the charged species extraction, we
utilized the collector of a nudc ionization gauge (Bavard-
Alpert type), situated at the location of our substrate during
the growth, as a Langmuir probe to mcasure the relative
ion density as function of >xternal magnet current. The
probe current was directly measured with a Keithley 617
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Figure 3- Typical optical emission spectra for ECR nitrogen plasma (Pricowsse = 35 W, nitrogen pressure = 1.2x107 T).

clectrometer connected in scrics with a DC power supply.
The grid of the ionization gauge was left floating to
minimize its effect on the plasma. Typical -V
characteristics of the probe both with and without the
external solenoid are shown in Figure 4. It is apparent
_ from these data that the activation of the external solenoid
results in a reduction of both electron and ion densitics at
the substrate surfacc.  Rclative ion densitiecs were
_ determined by plotting I vs. V and using the relation™®:
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Where I, is the probe current in the saturated ion
density (highly ncgative) regime, V, is the applied probe
potential, A is the area of the probe. N, is the ion density
and m, is the ion mass. Due to sheath eflects of the grid
and surrounding components at these low pressures (107
T) quantitative determination of the plasma densitics and
other plasma parameters (T,. V, and V) was not possible.
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4 - IV characteristics of Langmuir probe with the cycmal solcnoid current at 0A and 7A.




D. Sample Cl.aracterization

To invcstigate the microstructure of the films we
utilized a Jeol model JSM-6100 scanning electron
microscope (SEM). The cross-sectional images presented
4in this study were ail obtained at a tilt angle of 60° and a
magnification of 25,000X. The crystallinity of all the films
in this study was investigated by both in situ reflection
.~ high energy electron diffraction (RHEED) and post growth
x-ray diffraction with a Huber four circle diffractometer.
The RHEED patterns were gencrated with a 10 keV
incident electron beam directed along the <1120> azimuth.
The x-ray diffraction scans performed were in the 6/20
mode, which determines the film orientation along the
film’s surface normal and 8-rocking curves about the main
(0002) diffraction pcak (20=34.6°) which determincs the
sprecad of orientations along the surface normal. The
source was a Cu scaled tube used in conjunction with a
sagitally focused graphite (002) monochrometer crystal
which resulted in a beam with both Cu Ka; and Kas
contributions (A=1.54A). The resoluwtion of the systcm in
this configuration is ~4 min.

To investigate impunty levels in the samples,
Sccondary Ion Mass Spectroscopy (SIMS) analysis was
performed using a incident beam of Cs atoms. The sputter
rate was modulated for a short period of time during the
profiling to verify that the detected signals were not due to
the background impurity Ievels of the analysis chamber.
Duc to a lack of calibration standards for impuritics in
_ GaN, calibration data obtaincd from implanted GaAs

standards was utilized. Conscquently, the data should be
interpreted as a relative measure of impurities in the films.

The transport properties of the samples were studied
" by using the four probe Van der Pauw geometry. For
samples grown with microwave power levels below ~19 W
the sample was decorated with phase separated Ga droplets
by the end of the run, and nceded to be etched in
concentrated HCI for several minutes to facilitate electrical
measurements. The samples were first abrasively etched
into cloverlcaf lamilla ~5mm diameter and subscquently
degreased in acetone and 2-propanol. Gold wires were
then soldered to the four outer contact arcas using indium
solder. The samples were mounted in a closed loop helium
cryostat which permittcd measurements to be performed
from 10K to 300K. Magnetic ficlds up to 0.7 T and test
currents of 10°-10™ A were used in thesc experiments.

The photoluminescence spectra of the samples were
determined using a nitrogen pulsed laser as an excitation
source. The laser line at 337.1 nm corresponded to a
photon energy of 3.678 eV. The 10 ns pulscs, at a
repetition rate of 40 Hz were directed onto the sample
" which was mounted on a cold finger at 77K using a
colloidal suspension of graphite. The resultant emission
. was dispersed through a 0.25 m spectrometer and detected
with a Hamamatsu R-928 photomultiplicr tubc connccted
to a lock-in amplifier. The lock-in was fed an external
trigger pulse from a photodiode which samples the incident
beam. The spectra were not corrected for the responsc on
the system.

lll. Experimental Results & Discussion
A. Films grown without the external solenoid

1L Film Structure/Morphology

We will first discuss the effect of the microwave
power in the ECR discharge on the structure and surface
morphology of the films. Figure 5 shows thc RHEED
diffraction patterns for the films grown at the indicated
microwave power levels. The streakiness of the diffraction
patterns for the films grown at microwave powers up to 20
W suggests that the surfaces of these films are atomically
smooth. The spotty diffraction pattern of the film grown at
25 watts is consistent with a three dimensional diffraction
pattern which indicates a rough surface morphology.
Similar spotty difIraction patterns have been reported for
samples grown at relatively high microwave power levels
by other workers™.

Post growth SEM studies of these films, shown in
figure 6, are consistent with the RHEED diffraction data.
The films grown at the lowest power (figure 6 (a.)) show a
strong columnar morphology. The spaces between the
columns arc typically filled with phase separated gallium
by the end of the growth which occludes the three
dimensional diffraction which would be expected from
such columnar surface morphologics. However, the top
surface of the platcaus are atomically smooth. lcading to
the observed streaky RHEED pattern.  The films grown at
19 and 2( W (figure 6 (b.) and (c.)) show a progressive
coalescence of the islands with no columnar fcaturcs
discernible for the films grown at 20 W. On the other
hand, for films grown at powers >20 W, we obscnve a
characteristic roughening as shown in figure 6 (d.).

The data of figures 5 and 6 show the effect of ion
assistance on the mode of growth in the transition from
island growth (Volmer-Weber mode) (figure 6 (a.) and
(b.)) to a layer by laver growth (Frank-Van der Mcerwe
mode) (figure 6 (c.)) to a three dimensional growth which
Icads to rough surface morphologies(figure 6 (d.)). This
roughening can be indicative of layer-by-layer followed by
island growth (Stranski-Krastanov mode) which can be
stress driven by cither substrate/film lattice mismatch or
structural defects. Alternatively, it can be the result of a
kinctically induced roughening transition® duc to the
plasma’s enhancement of surface adatom
adsorption/desorption as has been observed in GaN
cpitaxial overlayers grown at high growth temperatures™.

The crystallinity of the films was also examined by
XRD studics. A typical 6/20 diffraction scan is indicated
in figure 7, with insct showing the corresponding O-
rocking curve scan. X-ray diffraction data corroborated
with the RHEED data for the samples in this study indicate
that all the films are single cryvstalline and of high quality
with FWHM of 0- rocking curve ~10-20 min. and not
strongly correlated with the microwave plasma power used
during the film growth




(d)

Figure § - RHEED diffraction patterns for samples grown at various microwave power fevels, (a) [SW_ (D) 19W () 20W
and (d) 25W.

(a) (b) (c) (d)

Figure 6 - SEM micrographs of surfacc morphologics for films grown at various nncrowave power levels, () ISW ()
19W. (¢) 20W and (d) 25W.
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Figure 7 - XRD 0/26 scan with inset indicating corresponding 6-rocking curve.

2. Impurities

To investigate the role of the nitrogen plasma in the
incorporation of impurities in the films, SIMS analysis was
performed on samples grown at different microwave power
levels. Figure 8 shows the dependence of the
- concentrations of hydrogen, oxygen, carbon and silicon as
a function of microwave power in the ECR discharge. As
discussed earlier, the absolute magnitude of these
- concentrations may be inaccurate due to the lack of proper
calibration standards, however, their relative magnitudes
and correlation with the microwave power in the plasma

source is correct and points out that the plasma is
responsible for the impurities in our films.

The exact origin of these impurities and their
correlation with the plasma is currently under
investigation. However, we do know that they do not
originate from our source materials. Mass spectroscopy
studies of the nitrogen source gas in the absence of the
plasma indicate impurity levels too small to account for the
obscrved results.  Sputtering and thermal outgassing from
the ECR source’s quartz liner as well as spurious
discharges observed in regions outside the quartz liner
could be the source of these impurities, although one
cannot rule out plasma activation of impurities from the
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Figure 8 - SIMS impurity levels vs. microwave power.
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Figure 9 - Transport properties vs. microwave power.

internal surfaces of our MBE system.

We will now discuss the potential role such impurities
play in determining the electronic properties of the GaN
films. SIMS analysis alone cannot differentiate between
bonded and trapped impurities. In previous work® we
reported evidence that intentionally introduced hydrogen in
GaN films is bonded, and we interpreted new features in
the photoluminescence spectra as suggesting that hydrogen
may introduce deep donor-like states. Based on the size of
tetrahedral atomic radii of silicon, carbon, gallium and
nitrogen®' one expects that silicon will incorporate in the
Ga sublattice and act as a donor and carbon will
incorporate in the N sublattice and act as an acceptor. By a
- similar argument oxygen will incorporate in the nitrogen
sublattice and act as a donor. This is supported by
empirical finding which show that intentional oxygen
incorporation leads to n-type GaN films*’. In the absence
of exact theory regarding these impurities in GaN we can
only speculate that their combined incorporation should
Icad to relatively compensated GaN films.

2, Transport and recombination propertics

The dependence of the net carrier concentration and
Hall mobility at 300K on the microwave power in the ECR
discharge is shown in figure 9. Films grown at microwave
power levels higher than 25 W were found to have
unmeasurable room temperature conductivity similar to
those reported by other workers®’.  Hall effect
measurements indicate that all the investigated films arc n-
type. The transport coefficients were calculated by
assuming that electron transport at 300K is dominated by
conduction in the conduction band and thus carrier

concentration was calculated from Equation 3,

1
n Rye 3)
where Ry, is the measured Hall constant.
The decrease in carrier concentration with microwave
power (figure 9 (a.)) is consistent with a reduction of
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nitrogen vacancies in the GaN which act as donors, since
higher microwave power leads to higher concentrations of
active nitrogen at the substrate. Such an interpretation is
also consistent with the fact that the gallium droplets
associated with the phase scparation of gallium in fiims
grown at low microwave power are absent in films grown
at high microwave power. However, it cannot account for
the reduction in electron mobility with microwave power
indicated in figure 9(b.). The data of figures 9 (a.) and (b.)
together suggest that films grown at high microwave power
levels are highly compensated.

The dependence of photoluminescence on microwave
power in the ECR discharge is shown in figure 10. These
data indicate that recombination in films grown at low
microwave power proceeds via a donor bound exciton at
3.47 eV®. Films grown at higher microwave power tend
to show weaker photoluminescence with significant
recombination occurring through states close to the middle
of the bandgap at 2.2 e¢V. The recombination kinetics
through these states was reported in another paper’’ and
the origin of the states was attributed either to carbon in
the films or ion damage'’****  The trend of the
photoluminescence spectra with microwave power is also
consistent with the notion that films grown at high
microwave plasma power levels are highly compensated.

A possible mechanism for carrier compensation was
suggested by the increasc in impurities in the films
discussed previously. Furthermore, films grown at high
microwave power may have additional compensating
centers due to various native defects (interstitials, Ga-
vacancies, antisite defects) introduced either by ion
bombardment or by modification of the kinetics of growth,
since such films arc grown at a higher ratio of active
nitrogen/gallium.

B. Films grown in the presence of the external
solenoid
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Figure 10 - Photoluminescence spectra for films grown under various microwave power levels.

To study the relative roles of impurities versus ion
damage as the mechanism for the observed compensation
in our films, we also investigated the growth of GaN films
in the presence of the external solenoid which allows for
the extraction of ionic species from the growth area as
discussed in Section II. A comprehensive study by Powell
et al. on Reactive Jon Molecular Beam Epitaxy (RIMBE)
grown GaN films®, using a Kaufmann ion source to supply
active nitrogen, shows a deterioration of the film quality,
as evidenced by TEM cross-section, as the energy of the
ions was varied from 35 to 90 ¢V. In sources with axial
solenoids, such as the one used in this study, ionic species
can gain significant translational kinetic energy through
the ambipolar diffusion process associated with the
divergent magnetic field. While it is expected that the
energy of the ionic species in our plasma are somewhat
lower than those associated with Kaufmann sources,
studies of ion energetics in ECR plasmas®™*® suggest ion
energies of 25-40 eV are reasonable at the process
pressures used for growth.

Langmuir probe studies, discussed in Section II, show
a systematic decrease in the ion density at the substrate as a
function of the current in the external solenoid. Figure 11
_ shows the normalized ion density versus external magnet
current. It is worth noting that the number of amp-turns in
the ECR source’s solenoid and external magnet arc
approximately equivalent for an external magnet current of
~5A. This is roughly where substantial species extraction

begins to occur. Thus, in the presence of the external
magnet, the ion damage in our films should be minimized.

1. Impurities/film structure

The presence of the external magnet during the
growth of the films did not appear to affect the impurity
incorporation in the films as indicated in figure 8. In other
words the observed impurity concentration in these films
follows the same trend as a function of microwave power
as in films grown without the external magnet. The
structure of the films grown with the cexternal magnet as
revealed by RHEED and XRD studies are similar to those
of films grown at approximately 19W microwave power
without the external magnct.

An SEM micrograph of a film grown with the
external magnet at 6 A and total microwave power in the
ECR discharge of 30 W is shown in figure 12. These data
indicate that the growth habit is island-like and thus the
surface morphology of this film differs from that of figure
6 (d.) which was grown at high microwave power with no
external magnet. This is significant as this corrclates the
surface roughening of the films grown at higher powers
with the ions in the plasma.
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Figure 12- Relative ion saturation current vs. external magnet current.

2. Transport and recombination propertics

Films produced at 30 W of microwave power in the
presence of the external solenoid were found to be n-type
and highly conductive. The room temperature net carrier
“concentration and Hall mobility for a number of films
- produced at various currents in the external magnet are
shown in figure 13. These results indicate that the
-transport properties of these films are significantly
different from those grown at high microwave power
without the external magnet, which were found to be

highly resistive. For the films grown at four amperes in
the external magnet, room temperature Hall measurements
indicate n- Pe conductivity with p = ~40 cm?/V-s and
n=2-5 x 1018 ¢cm=3. Further increases in the magnet
current result in higher mobilitics and somewhat lower
carricr concentrations as shown in Figure 13.

To study the electronic structure of the donors
responsible for the n-type conductivity in these films, we
measured the transport properties of these films as a
function of temperature, as shown in figure 14. These
results are consistent with the existence of shallow donors
in the GaN films. Such temperature dependence was
discussed in another paper’, and is indicative of transport

Figure 11 - SEM micrograph of sample grown with extcrnal magnct at 6A
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Figure 13 - Transport properties of samples grown with various external magnet currents.

in both the conduction band and a shallow donor defect
band. Regarding the nature of these shallow donors, we
can speculate they are silicon and oxygen impurities
which, as discussed earlier, were observed to exist with
comparable concentrations in our films. However, based
- on this data alone, we cannot rule out nitrogen vacancies
as potential donors. The fundamental difference between
the transport properties of the GaN films grown at high
microwave power with and without the external solenoid
suggests that the films grown without the external solenoid
have a high concentration of deep defects resulting from
ionic species in our plasma.

Evidence that the films grown with the external magnet
have a lower concentration of deep defects is also provided
by photoluminescence studies on such films. Figure 15
shows the PL spectra for such a film measured at 77K.
This spectra shows a sharp exitonic transition close to the
bandgap of GaN and negligible luminescence at 2.2 eV,

which was observed in films grown at high microwave
power without the external magnet (Figure 10). In
conclusion, films grown with the external magnet differ
from the samples grown without the external magnet in
their surface morphology, transport and photoluminescence
properties.  Furthermore, the data indicates that these
differences result from ions in the plasma. Thus, films
produced with the external magnet were found to be of
substantially higher quality than films grown without the
external magnet.

There are several roles ions may play in the formation
of deep defects. The first and perhaps most obvious is
through physical damage to the film through
bombardment. It is also possible that the three
dimensional growth observed at higher power levels results
in a higher density of defects through the promotion of
dislocation generation®®. The nature of these native defects
may be clucidated by high temperature conductivity
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Figure 14 -Transport properties vs. temperature for sample grown with external solenoid at 6A.
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Figure 15 - PL spectra at 77K of sample grown with external solenoid at 6 A.

measurements performed on the samples grown at 30W
without the modified magnetic field environment. Thesc
. measurements reveal the presence of a deep donor-like
level approximately 0.7 eV below the conduction band, as
has been reported previously for GaN films*. It is possible

- that this level is indicative of a native defect such as a

dislocation, antisite, interstitial or complex (similar to the
EL2 center in GaAs) acting as a donor-like trap, leading to
the low residual conductivity.

V. Conclusions

The role of ionic plasma specics in the growth of GaN
films by the ECR-MBE method was investigated. Ion
bombardment was found to have a profound effect on the
mode of growth. The film growth was found to undergo a
transition from an island mode to a layer-by-layer mode
and finally to a three dimensional mode as a function of
microwave power in the ECR source’s discharge. The
films exhibited a corresponding degradation in their
electrical and optical properties. It was found that under
the plasma conditions employed, the films had hydrogen,
silicon, carbon and oxygen impurities whose
concentrations increased with microwave power. It is
likely that these impurities are the result of either
sputtering or thermal outgassing of components in the
T ECR source. This is likely duc to the extremely high
plasma power densities generally present in these compact
plasma sources.

To isolate the effect of the ionic species on the films
growth, an external solenoid placed outside of the MBE
unit was used to extract the charged species from the

12

growth areca.  The difference between the surface
morphologies, transport and photoluminescence properties
of the films grown with and without this solenoid indicates
that the charged species in the nitrogen plasma, besides
affecting the mode of film growth, also affect the density of
native defect states. We propose that these states are either
point defects resulting from ion bombardment or
dislocations whose formation is promoted by the ion
induced three dimensional growth.

In addition, this modification of the magnetic field
environment is demonstrated as being a simple, effective
and unobtrusive method of extracting charged species,
particularly where energetic anisotropies of the ionic
species resulting from magnetic ficlds effects make biasing
schemes difficult to interpret. This allows the growth of
high quality GaN films with substantially improved
electrical and luminescent properties.
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Blue-violet Light Emitting Gallium Nitride p-n Junctions Grown by Electron
C_yclotron Resonance-assisted Molecular Beam Epitaxy
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Blue-violet light emitting GaN p-n junctions were grown by the method of Electron Cyclotron Resonance-
assisted Molecular Beam Epitaxy (ECR-MBE). This method has been modified to minimize plasma induced
defects. Contrary to similar devices grown by Metallorganic Chemical Vapor Deposition, these devices do not

require any post growth annealing to activate the Mg-acceptors in the p-layer.

These devices turn-on at

approximately 3 volts and have a spectral emission peaking at 430 nm.

T Current address: M.1.T. Lincoln Laboratory, Lexington, MA 02173

The III-V nitrides are rapidly becoming the material of
choice for the fabrication of short wavelength light emitters
and detectors due to the capability of obtaining a wide
spectral region of direct band-to-band transitions (1.9-6.2
eV) as well as higher device stability than II-VI based
devices. There have been a numbcer of reports on the
fabrication of p-n junction LED's by the MOCVD method' .
These devices typically have turn-on voltages of
approximately 3-10 volts. While a turn-on voltage of ~3V is
expected based on the bandgap of the material, turn-on
voltages >10V are not desirable in terms of device efficiency
and may be related to difficulties in forming electrical
contacts. More recently, substantial progress has been
reported on MOCVD grown InGaN/AlGaN double
-heterostructures blue light emitting diodes with brightness
levels larger than 1000 mcd’. However, all these MOCVD
grown devices require a post growth annealing step®* or low
energy clectron beam irradiation (LEEBI) treatment' to
activate the dopants in the p-type material. This was
correlated with the dissociation of H-Mg complexes® which
have been identified by IR and Raman spectroscopies®’.

The use of ECR-plasma activated nitrogen gas reacted
directly with Ga metal in kinetically controlled processes,
such as molecular beam epitaxy, has been pursued as an
alternative growth method to minimize incorporation of
hydrogen during film growth. This has resulted in films
which exhibit substantial p-type conductivity without post
growth annealing®.

In this letter we report the growth of p-n homojunction
LED's by the ECR-assisted MBE method. These structures
were found to emit light in the blue-violet part of the
spectrum, characteristic of Mg-luminescent centers. These

- devices do not require a post growth treatment for efficient
operation. Furthermore, by utilizing strategies to reduce ion-
induced defects’, devices with improved efficiency have been
“obtained.

The deposition system consists of an Intervac Gen Il
MBE unit with an ASTeX Compact ECR source to supply
plasma activated nitrogen gas. To minimize plasma damage
in the device layers, the kinctic encrgy of the ions, generated
in the ECR source and guided towards the substrate along
the magnetic field lines of the source’s axial solenoid, was

reduced through the utilization of an exit aperture, 1 cm in
diameter, which promotes collisional relaxation of the ions
due to the elevated pressure inside the source'.
Furthermore, some device structures were also grown in an
environment of a reduced ratio of ionic to neutral metastable
and atomic species by using an external off-axis solenoid as
described previously’. This technique was used to further
reduce plasma induced defects.

The p-n junctions were deposited on a (0001) sapphire
substrate in the following way. First the substrate was
subjected to a nitridation process at 850°C to convert its
surfaice to atomically smooth AIN as described
previously™'''2.  The next step was the deposition of an
undoped GaN-buffer approximately 300 A thick deposited at
500°C. Following this deposition the substrate was heated to
800°C *""’ and an autodoped n-type GaN film
approximately 2 pm thick was deposited at a deposition rate
of 0.2 um/hr.  Such films generally have a carrier
concentration of about 5x10'* cm™ and electron mobilities of
about 80 cm7/V's.  Fmally the Mg-doped p-laver
approximately 0.5 pm thick was deposited by incorporating
Mg, sublimated from a conventional knudsen cell at 230°C.
Such Mg-doped films grown under identical conditions were
found to be p-tvpe with a net carrier concentration of 5x10'’
cm™ and a hole mobility of 6 cm%V-s. The Mg flux was
gradually raised by about an order of magnitude (Ty, =
270°C) near the end of the run to facilitate the electrical
contacting of the top p-layer.

Ni/Au contact (p) In contact (f)
w2t —
p- GaN 0.5um
n- GaN 22um

N T s i 2

apphire Substrate

Figure 1- Schemalic of investigated diode structure.




The top p-layer was electrically contacted by thermal
evaporation of dots 300 pm in diameter consisting of 200 A
of Ni followed by 2000A of Au . The bottom n-layer was
contacted through the p-layer by soldering with indium

-metal. A schematic of the device is shown in Figure 1. In
this structure the distance between the two contacts was of
the order of 1-2 mm. The chip was then mounted in a chip
carrier with silver paint and connected with an ultrasonic
wire bonder. The devices’ emission spectra was measured
using a detector setup described previously for the
measurement of PL emission'®. The devices were driven
with a pulse generator at ~40 Hz and 10% duty cycle to
facilitate locked-in measurements.  The spectra were
measured at a drive current of 150 mA or a current density
of 212 A/cm? which is comparable to those reported on
AlGaN heterojunction diodes'”.

The I-V characteristics of one such device described in

100“ 7

assuming 60 ohms series resistarjce

Ll
Voltage [V]

“Figure 2 - Room temperature I-V characteristics of typical
GaN LED and calculated I-V characteristic after subtracting
the effect of a 60 Q series resistance.

Figure 1 is shown in Figure 2. Shown in the same figure is
the I-V characteristics calculated from the experimental data
after subtracted the effects of a 60 Q) series resistance. This
series resistance is believed to be the result of the large
separation of the two contacts of the device and are
consistent with the sheet resistance of the n-layers. Devices
with improved geometries as well as etched mesas are
currently under development and will be detailed in another
report. The reverse breakdown at ~-10 V is expected
considering the high doping (>10'® cm) levels on both sides
of the junction'®. The rather large leakage current at lower
voltages is probably due to defects in the material and has
been found to be less significant in devices of reduced areas.
Due to the excess heat dissipation resuiting from the
- parastic series resistance, the devices were first evaluated at
77K by immersing the chip in liquid N; during the
measurement. Figure 3 shows the EL spectra of two devices
“fabricated from layers grown without and with the external
solenoid driven at 7A. The peak emission at 430 nm is
* characteristic of Mg-doped GaN homojunction LED’s.
While this peak is in the violet part of the spectrum, the
prominant tail which extends to longer wavelengths in the
device grown without the external solenoid tends to
dominate the apparent color of the device due to the

Violet |Blue| Green

— 77K
3

©

) .

= relative eye

C

5 response
<

-

w
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Figure 3 - Low temperature (77K) EL spectra of L.E.D.‘s
grown (a.) without and (b.) with external solenoid driven at
7A. Relative eye response from Ref. 16.

enhanced eve response in this region'. By using the
external solenoid to minimize ion damage in the film, a
reduction in this tail as well as an enhancement of the peak
at 430 nm is achieved resulting in a bluish-violet apparent
color. The dependance of the iotal light intensity emission
as a function of forward current for a typical LED is shown
in Figure 4. The emission increases linearly with forward
current up to about Ir =175 mA. The sublinear dependance
at higher currents is likely due to heating effects in the
device.

g

50 100 150 200 250
Forward CurrentL. {mA]

Output Light Intensity [a.u.]

Figure 4 - Output light intensity vs. I for the diode of
Figure 3a at 77K.

The spectral dependance was also evaluated at room
temperature as shown in Figure 5. The peak wavelength of
470 nm is somewhat larger than what has been reported for

R.T.

EL iIntensity [ a.u. ]

350 400 450 500 S50 600 €50 700
Wavelength [nm ]

Figure S - Room temperature EL spectra of a diode grown
with the external solenoid at 7A.




GaN homojunction LED’s and is believed to be related to the

heating in these devices due to a.) the large drive current

required for these large area diodes and b.) the parasitic

series resistance decribed above, resulting in the chip and its
. carrier becoming quite hot during operation.

In conclusion, GaN blue-violet light emitting p-n
junctions have been grown by MBE for the first time. These
devices do not require a post growth thermal annealing or
LEEBI treatment step to activate the Mg acceptors in the p-
layer. Blue emissions characteristic of Mg luminescence
centers are observed.

This work was supported by the Office of Naval
Research (Grant No. N00014-92-J-1436).
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We performed optical-absorption studies of the energy gap in various GaN samples in the
temperature range from 10 up to 600 K. We investigated both bulk single crystals of GaN and an
epitaxial layer grown on a sapphire substrate. The observed positions of the absorption edge vary for
different samples of GaN (from 3.45 to 3.6 eV at T=20 K). We attribute this effect to different
free-electron concentrations (Burstein—Moss effect) characterizing the employed samples. For the
sample for which the Burstein shift is zero (low free-electron concentration) we could deduce the
value of the energy gap as equal to 3.427 eV at 20 K. Samples with a different free-electron
concentration exhibit differences in the temperature dependence of the absorption edge. We explain
the origin of these differences by the temperature dependence of the Burstein—Moss effect.

1. INTRODUCTION

GaN is a wide band-gap semiconductor, crystailizing in
the hexagonal wurtzite structure. GaN is currently attracting
a lot of interest which results from its possible applications
in the field of optoelectronics and electronics. Because of the
large, direct gap and its outstanding chemical and physical
stability, this material is specially suited for the construction
of short-wavelength light emitting devices (diodes and la-
sers) and transistors operating at high temperatures."* Con-
cerning these applications, a fundamental problem consists
in the determination of the energy-gap value E; and its varia-
tion with temperature, dEg/dT. Measurements of the absorp-
tion edge position and its temperature evolution are usually
employed for these purposes. Results of experimenial studies
of GaN have brought a wide spectrum of data from which
different values of both E, and dE /dT were deduced. The
question of the origin of the reported dispersion has not been
posed until now. A very likely explanation for the reported
spread of the experimental data can be associated with the
influence of the free-electron concentration on the position of
experimentally determined £, (Burstein—Moss effect).

Moreover, since the majority of measurements of £, and
all investigations of dE ;/dT have been performed on epitax-
ial layers of GaN,>® it might be expected that the quality of
the used samples represents one of the effects responsible for
the dispersion of the data. The perfection of epitaxially
grown GaN layers is reduced by the lattice mismatch be-
tween the substrate and the layer of the nitride.’

Additionally, depending on the substrate used in epitax-
ial growth of GaN (and resulting differences in thermal-
expansion coefficients between the substrate and layer), one
can expect a different temperature dependence of the energy
gap in various types of samples. Employing bulk single crys-
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tals of GaN may help to determine the role of a sample
quality.
The purpose of this work was to examine critically the

above listed contributions to the behavior of E, in gallium
nitride.

il. SAMPLES

We have studied two types of GaN samples. Besides
using an epitaxial layer, we employed also bulk, single crys-
tals of GaN. These crystals were grown by means of a high-
pressure high-temperature method.!®!! They represent high
quality material characterized by a rocking curve halfwidth
of a few arcseconds.'? They have the shape of hexagonal
plates of the thickness of about 10 um and dimensions ap-
proximately 200%X200 um?. These crystals are slightly yel-
lowish. The free-electron concentration n, determined with
the use of the Hall effect, for the high-pressure grown crys-
tals is typically from 5x10' up to 1x10% cm™>. These
values were, however, obtained during the experiments per-
formed on larger samples (typically of a 1-2 mm dimension.
We will estimate the free-electron concentration of our
samples in Sec. V. The second type of the sample was a
2-pm-thick epitaxial layer of GaN grown by the molecular-
beam epitaxy method on a (0001) sapphire substrate with a
free-electron concentration of 6X10'* cm ™31

1l. EXPERIMENT

We used a 150-W tungsten halogen lamp as the light
source. The signal was dispersed by a single grating Spex
500 M spectrometer and detected by a cooled GaAs photo-
multiplier equipped with a photon counting system. The
sample was placed inside an Oxford Instruments continuous
flow cryostat. After removing the sample, the lamp spectrum
was measured. This spectrum was subsequently used to nor-
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malize obtained absorption spectra. The absorption spectra
were not corrected for reflection and were calculated follow-
ing the expression a=(1/d)log[(\)/7(\)]"". Here 7 and 7
stand for the transmission of the optical system with and
without the sample, respectively, and d is the sample thick-
ness. For high-temperature experiments the samples were
placed on top of a copper finger of an electrical heater, which
enabled us to stabilize the sample temperature with an accu-
racy 21 K.

IV. ANALYSIS OF ABSORPTION SPECTRA OF GaN

There is no unique procedure which allows the determi-
nation of an energy gap from the measured absorption spec-
trum. Generally two methods are employed. In the first one
the value of the energy gap is determined by the wavelength
of the light for which the absorption reaches some arbitrarily
chosen level usually related to the experimenta] limit of the
optical system. In the case when there is no visible change of
the shape of the absorption edge with temperature, it can be
used to determine the temperature shift of the gap. To obtain
the absolute value of the energy gap we apply a second
method. This consists in using a physical model of the en-
ergy gap £, which represents one of the parameters describ-
ing the behavior of the absorption coefficient a. A compari-
son of the calculated and measured variation of a with
energy makes it possible to extract the correct value of E .

In the interpretation of the results we have found it nec-
essary to take into account the fact that optical transitions
observed in the experiments are from the top of the valence
band to the first unoccupied state in the conduction band, i.e.,
to a state located around the Fermi level E;. The higher the
concentration of carriers, the larger the increase in energy of
the optical transitions. Though the displacement of the ab-
sorption edge with an increasing carrier concentration
(Burstein shift, Burstein—Moss effect) has been observed for
many semiconductors,'*" it has not been considered in case
of GaN. This effect can play a significant role in this semi-
conductor, where the free-electron concentration is usually
high. It is most probably due to the presence of a large num-
ber of nitrogen vacancies."*!® One should also remember
that a high electron concentration changes the shape of the
absorption edge. '

In order to define our model, we assume that the absorp-
tion coefficient a is proportional to the square root of energy
(parabolic conduction-band approximation)

a=ag(E-E,), (1)

where E is the photon energy and a; is an energy indepen-
dent parameter.!’

V. RESULTS

Figure 1 shows experimentally obtained absorption spec-
tra of the epitaxial layer and the bulk single crystal of GaN.
The presented spectra exhibit a sample dependent position of
the absorption edge. The first hypothesis of a possible expla-
nation of the above finding consists of an assumption that in
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FIG. 1. Absorption spectrum of GaN samples: bulk and epitaxial layer at
low temperature. The shift of the absorption edge is due to the Burstein—
Moss effect.

the epitaxial layer, the strain induced changes of lattice con-
stants (due to mismatch between the layer and the substrate)
determine the observed shift of the absorption edge. To
verify this suggestion, we have performed precise measure-
ments of lattice constants of both the used samples. The test
gives a negative answer. The samples have practically the
same lattice parameters.'®

The next step in our analysis was to associate the origin
of such a large shift of the absorption edge with the
Burstein—Moss effect,!* which is related to different posi-
tions of the Fermi level. E, depends on the free-electron
concentration of the sample under consideration. We know
that the free-electron concentration in the epitaxially grown
GaN is 6X10'7 cm™>, which causes a negligible Burstein—
Moss effect. The blue shift of the absorption edge for the
bulk sample suggests that this crystal is characterized by
higher n with respect to the epitaxial layer. Below we esti-
mate the contribution to the shift of the absorption edge re-
lated to the Burstein~Moss effect. Figure 2 illustrates the
calculated Fermi energy dependence on the electron concen-
tration for GaN samples. The parabolic band approximation
with the electron effective mass m,;=0.15m, (Ref.19) was

used here. We used the following equations to calculate the
Fermi energy:

2 (= \ydy

-y V;J'o eyl @

where 7 is the reduced Fermi energy E /kT and y is equal to

E/kT. E is the electron energy above the conduction-band
minimum, and N is given by

m*kT 3/2
N=2 I 3

From Egs. (2) and (3) we obtained the electron concentration
as a function of the Fermi energy, which gave us E An).
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FIG. 2. Fermi energy in the function of electron concentration calculated in
parabolic band approximation with m*=0.15m, .

The parabolic conduction-band approximation should be
adequate in the wide band-gap semiconductor like GaN. One
can notice that for n higher than about 5X 10® cm™3, the £ f
value increases considerably. In addition, for small n a varia-
tion of E; is strongly temperature dependent. We apply the
relation shown in Fig. 2 to evaluate n for the GaN bulk
sample. The shift of the absorption edge (Burstein shift) of
the bulk sample related to the epitaxial layer (£ ,=0) is about
90 meV, from which we obtained n=8X%10'® cm™>. The
lower value of n, compared to the results obtained by means
of the Hall effect on larger samples (between about 5X 10"
to 1X10%° cm™3), is probably related to the different electri-
cal properties of the small and large samples. Absorption
edge values determined for the other three single crystals of
GaN are given by energies which differ from this deduced
for the bulk sample illustrated in Fig. 1 (not more than *15
meV). Thus, an estimation of the electron concentration for
the other bulk samples leads to values of n between about
7x10" to 1.5x10" em ™.

In Fig. 3 we show the absorption edge of the epitaxial
layer. As for this sample, the Burstein—Moss effect is not
present; we could perform here the best fit to the model of
the square-root dependence of the absorption edge [Eq. (1)].
In this model background absorption was also included as a
straight line. We can see that actual absorption is very well
reproduced by the theoretical model (solid line). Finally, we
obtained E,=3.427 eV at 20 K.

In Fig. 4(a) we show the absorption spectra of GaN for
various temperatures. We can observe the blue shift of the
absorption edge with decreasing temperature. A very small
change of the slope of the absorption edge can be observed
for the bulk crystal [Fig. 4(a)] but there is no such effect in
the case of the epitaxial layer [Fig. 4(b)]. The temperature
dependence of the absorption edge for two different samples
is represented in Fig. 5. This dependence is strongly nonlin-
ear and slightly steeper for the bulk sample. We have also
measured the temperature variation of the absorption spectra
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FIG. 3. Absorption edge of epitaxial layer of GaN at 20 K. Solid line

represents a square-root-like theoretical shape of the absorption edge with
the background line.

for the other three bulk samples of GaN between 10 and 300
K. In the considered temperature range they exhibit behavior

identical with the single-crystal sample illustrated in
Fig. 4(a).

VI. DISCUSSION

The energy-gap temperature dependence is vsually de-
scribed by the equation

yT?

Eg—Eg(O)—m ) 4)
where E (0) is the energy gap at 0 K; B is sometimes asso-
ciated with the Debye temperature; and vy is an empirical
constant. This form of the temperature dependence of the
energy gap was proposed by Varshni®® and this expression
has been later successfully applied to describe E,(T) in
many semiconductors. For example, in GaAs the experimen-
tal value of Bis 300 °K, which is very close to 344 °K which
is the Debye temperature calculated from elastic constants.?!

For GaN there were few measurements of the tempera-
ture dependence of the energy gap. We summarize them in
Table 1. Linear coefficients of E (T) obtained by various
authors differ considerably. Even more scattered are nonlin-
ear parameters of the Varshni equation. For example,
Monemar® obtained a negative value for 8 in Eq. (4). In our
experiment we obtain =745 for bulk crystals and B=772
for the layer. Both these values are very close to 600 K,
which is the estimated Debye temperature for GaN.?

In our experiment we observe a larger negative tempera-
ture coefficient for the bulk crystal than for the epitaxial
layer. We believe that the main difference between these two
samples lies in different free-electron concentrations. If for
the bulk crystal we compare, using Fig. 6, temperature varia-
tions of the Burstein shift of the absorption edge and the
Fermi energy, we see that hey behave qualitatively in the
same way. Moreover, one should remember that at higher
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FIG. 4. (a) Absorption spectra of GaN bulk single crystal for various tem-
peratures. Visible oscillations are due to the interference of light in the
sample. (b) Absorption spectra of GaN (epitaxial layer) for various tempera-
tures. Visible oscillations are due to the interference of light in the sample.

temperatures there are more empty states available below the
Fermi level. Thus, in the bulk GaN sample, rising tempera-
ture results in the additional red shift of the absorption edge.
Since the latter effect was not taken into account in the cal-
culations of E, versus temperature, it may explain discrep-
ancies seen in Fig. 6. We should stress here that for the bulk
samples which have a high free-electron concentration
(1x10" cm™3), the Burstein shift is also observed at low
temperature (4 K). (This fact is additionally confirmed by
our electron-transport experiments.) This indicates that the
sample is above the Mott transition.

There is a substantial disagreement between the data on
dE /dT given by several authors. It seems that one reason
for this can be the different electron concentrations in studied
samples and consequently, the influence of the Burstein shift
on the interpretation of the experimental results. Determina-
tion of the nonlinear term in Eq. (4) requires measurements
in a wide temperature range. Otherwise, a precision of its
determination is rather poor. There is also another problem
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FIG. 5. Shift of energy gap as a function of temperature for two samples of
GaN. Solid line represents the best fit to the model £,= yT2AT+b).

which should be mentioned here, namely, a difference be-
tween thermal-expansion coefficients of the GaN layer on a
sapphire substrate with respect to the bulk crystal. There are
no experimental data which would make it possible to accept
or eliminate this possibility. The assumption that the layer
experiences the same thermal expansion as a sapphire sub-
strate (which is about 10% larger than that measured for
GaN?) gives for the epitaxial layer a stronger variation of E ¢
with temperature than that obtained for the bulk crystals. The
experimentally observed effect is opposite. Moreover, one
should remember that all studied layer of GaN have thick-
nesses larger then the critical one and thus they are relaxed
by dislocations. Therefore, the change of the lattice constant
of the substrate does not have to change the lattice constant
of the laver in an identical manner.

Finally we would like to discuss the problem of the con-
tribution of different mechanisms to the temperature depen-
dence of the energy gap. One of them is a simple change of
lattice parameters which also occurs when pressure is applied
to the sample. The second mechanism is related to the
phonon-electron interaction. Both these mechanisms should
lead to a linear dependence of the energy gap with tempera-
ture for sufficiently high temperatures, i.e., above the Debye
temperature.® This relation can be expressed as follows:

AE=aa;T-B;-T. &)

Here a is the deformation potential of the gap, a; the volume
expansion coefficient, and By the thermal coefficient result-
ing from the electron-phonon interaction.

At high temperatures, Eq. (5) is equal to T as defined in
Eq. (4). Thus, applying values of a=—11.51 eV* deter-
mined for the bulk GaN and t:r,=11.5>(10’6 K~! (Ref. 22)
measured by the x-ray powder diffraction method, we obtain
Br=8.07X10"* eV K~'. We can see that the thermal expan-
<ion is responsible for only about 14% of the observed effect.
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TABLE [. Energy gap of GaN and its temperature dependence.

Linear
temperature
coefficient .
dE Nonlinear temperature
—£(T = 300 K) coefficients of Eq. (2)
- Sample dT
type Exp. method 1074V y (107 eVIK) B (K) Reference
epitaxial on luminescence -532 +3.08 =996 Monemar*
-~ sapphire
epitaxial on absorption -48 not not Pankove”
sapphire determined determined
epitaxial on absorption -6.7 not not Camphausen®
sapphire determined determined
epitaxial on luminescence -4.0 -72 +600° llegems®
sapphire
epitaxial on absorption -4.5 -9.39 +772 present work
sapphire
bulk samples absorption -53 -10.8 +745 present work

*Reference 4.
bReference 5.
‘Reference 3.
dReference 6.

*Fitted with Eq. (4) with the B parameter fixed at 600 K.

Vil. SUMMARY

The performed measurements of the optical absorption
in different samples of GaN have enabled us to point out the
importance of the free-carrier contribution to the observed
positions of the absorption edges. This represents the

Burstein—Moss effect, which is well known from studies of
" other semiconductors. This effect gives the main contribution
to the scatter of values of £, estimated by different authors.
We have also determined the temperature dependence of the
" absorption edge of GaN in a wide temperature range (10-
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FIG. 6. Calculated temperature dependence of the Fermi energy in the bulk
erystal of GaN (solid line) in comparison with the experimentally deter-
mined shift of the absorption edge (filled squares).
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600 K). This dependence is sample dependent and a decrease
of E, with temperature is stronger for the sample with a
higher electron concentration. The latter behavior can be
qualitatively explained by the temperature dependence of the
Burstein—Moss effect. For the sample with a negligible con-
tribution due to free electrons, the linear temperature coeffi-
cient of the gap is —4.5x107* eV/K at 300 K.

In addition, we observed a strongly nonlinear change of
dE, with temperature even at relatively high temperatures.
This occurs in the range where, for example, the GaAs crys-
tal shows a practically constant dE ;/dT. The observed effect
can be correlated with the high Debye temperature of GaN
(about 600 K, in comparison with 300 K for GaAs).
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